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1 0 EXECUTIVE SUMMARY 

The Cryogenic On-Orbit Liquid Depot Storage, Acquisition and Transfer Satellite (COLD-SAT) is an 
experimental spacecraft launched on an expendable launch vehicle which is designed to investigate the 
systems and technologies required for efficient, effective and reliable management of cryogenic fluid in 
the reduced gravity space environment. Fundamental data required for the understanding and design 
of systems to meet this need are lacking; the COLD-SAT program will provide this necessary database 
and provide low-g verification of fluid and thermal models of cryogenic storage, transfer, and resupply 
concepts and processes. Future applications such as Space Station, Space Transfer Vehicle (STV), 
Lunar Transfer Vehicle (LTV), External Tank (ET), Aft Cargo Carrier (ACC), propellant scavenging, 
storage depots, and lunar and interplanetary missions, among others have provided the impetus to 
pursue this technology in a timely manner to support the design efforts. 

A baseline conceptual approach has been developed and an overview of the results of the 24-month 
COLD-SAT Phase A Feasibility Study Program is described which includes the following: 1) a 
definition of the technology needs and the accompanying experimental three month baseline mission, 
2) a description of the experiment subsystem, major features and rationale for satisfaction of primary 
and secondary experiment requirements using liquid hydrogen (LH2) as the test fluid, and 3) a 
presentation of the conceptual design of the COLD-SAT spacecraft subsystems which support the on- 
orbit experiment with emphasis on those areas which posed the greatest technical challenge. 

1.1 Introduction 

The COLD-SAT satellite (shown in Figure 1.1-1) is an integrated experimental spacecraft designed to 
investigate the fluid thermo-physics of subcritical cryogens in a low-gravity space environment and to 
provide data and criteria to correlate in-space performance with analytical and numerical modeling of 
cryogenic fluid management systems. It has evolved from the Cryogenic Fluid Management Facility 
(CFMF) program which was to demonstrate this technology by a series of Shuttle Orbiter bay 
experiments (Ref 1.1-1). After the Challenger accident, LH2 payloads (such as Centaur and CFMF) 
were excluded from the bay. The COLD-SAT approach, which this study produced, resulted in a 
design concept which would be checked out, serviced, and launched from the Cape Canaveral Air 
Force Station (CCAFS) on the Delta II expendable launch vehicle. On orbit, the three month mission 
consists of a series of liquid hydrogen tests covering the full range of technology categories. 

Technical objectives of the COLD-SAT mission are divided into Class I experiments which form the 
highest priority of the mission and Class II experiments which generally support the Class I 
experiments although they are considered a secondary set of cryogenic technologies. Collectively they 
form the COLD-SAT Experiment Set which are primarily scientific in nature and are considered 
supporting technologies for future space missions, providing fluid management technology in the 
following areas of emphasis: 1) liquid storage, 2) liquid supply, 3) fluid transfer, 4) fluid handling, 
and 5) advanced instrumentation. 

The experimental spacecraft will provide an opportunity to demonstrate the feasibility of combining 
various methods of integrating pressure control, liquid acquisition, and fluid transfer approaches into 
subscale experimental tankage concepts that will provide on-demand vapor-free liquid cryogens in 
space. Supplying single-phase liquid to accomplish transfer and resupply/top-off of tankage is 
essential to having a space-based operational capability. Performance in the reduced gravity space 
environment remains unproven and unverified. 

As the design of the COLD-SAT evolved, the approach went through several iterations which are 
documented in this report. See Reference 1.1-2 for an earlier conceptual approach to the COLD-SAT 
which shows the concept as it existed at the end of Task III at the Preliminary Requirements Review. 
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Figure 1 .1-1 COLD -SAT Satellite On-Orbit Configuration 


1.2 Low-Gravitv Cryogenic Fluid Management Technologies 

Subcritical cryogenic fluid management technology contains many elements which are required to 
successfully support future space system development and mission goals associated with the cost of 
system operation and reuse. In-space systems are currently end-of-life limited by depletion of on- 
board consumables. Extending the useful life of these systems can be realized by periodic resupply of 
cryogenic fluids. Various mission scenarios are totally dependent on transfer and resupply for mission 
success. 

Figure 1.2-1 reflects a three step approach to providing these technologies starting with (I) individual 
component and hardware development, progressing to (II) subsystem element ground based testing, 
and finally to (III ) in-space experimentation. All result in the establishment of a cryogenic data base 
and the development of refined analytical models which make use of the available data for validation 
and correlation purposes. Achieving the right blend of demonstration versus purely scientific 
investigations of processes and phenomenon relating to low-g characterizations is cost effective. 
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Figure /.2-/ Cryogenic Fluid Management Technology Needs 
i ^ POT D-SAT Experiment Set Overview 


The Qass I and Class II experiment set categories comprise the primary and secondary experiment 
mission objectives. Tests in each category include low-g fluid and thermal process investigations, 
demonstrations of performance capabilities, as well as technology evaluations to achieve an overall test 
mix that provides for a maximized technological return over the duration of the mission. A bner listing 
of individual experiment objectives is as follows: 


n ASS I 

Tank Pressure Control - Investigate phenomena associated with controlling heat flux and tank 
pressure rise of cryogenic tankage including 1) thermal stratification, 2) fluid mixing, 3) 
passive thermodynamic vent system heat exchanger performance, and 4) active mixer heat 
exchanger performance. 

Tank Pulldown - Investigate the tank chilldown process associated with removing heat from 
the tank system by heat transfer between the chilldown fluid (both liquid and vapor) and the 
rank h ulk mags The process (mainly using a charge-hold-vent multiple cycle technique) will be 
characterized for fluid utilization and efficiency. 

Tank No-Venf Fill/Refill - Investigate the tank resupply process using mainly the no- vent fill 
technique for two different sizes and geometries associated with evaluating the final 
fill level that can be achieved for various flow introduction techniques and mixing modes. 


I .AD Fill/Refill Chamcteriration - Demonstrate the filling and refilling characteristics of liquid 
acquisition devices in low-g to verify capabilities for vapor-free outflow. 


OF POOR QUALITY 
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Liquid Mass Gaging - Assess performance of a mass gage to accurately determine tank liquid 
quantity for varying tank conditions (this objective has been deleted from the current set of 
experimental objectives). 

Liquid Dynamics and Slosh Control - Determine the liquid motion resulting from specifically 
produced acceleration environments (this objective has been deleted from the current set of 
experimental objectives). 


CLASS H 


Tank Pressurization - Evaluate the pressurization process whereby pressurant is introduced into 
cryogenic tankage to provide the force (and subcooling effect) for tank outflow. 


Direct Liquid Outflow - Investigate tank expulsion using a low-g acceleration to settle and 
orient the liquid as it is drained. 


Vented Fill - Investigate the vented fill/top-off process which uses settling to orient the liquid to 
the tank outlet so that vapor can be vented at the opposite end while minimizing liquid lost out 
the vent 


Vapor Venting - Assess the capability to reduce tank pressure by venting vapor using liquid 
settling while minimizing liquid lost out the vent. 

Lad Performance - Investigate the capability of supply and receiver tank LAD's to provide 
vapor-free liquid under varied operating conditions including determining expulsion 
efficiencies. 


Transfer Line Chilldown - Evaluate the transfer line chilldown process associated with 
removing heat from the transfer line system by heat transfer between the chilldown fluid (both 
liquid and vapor) and the transfer line bulk mass. 

Control of Liquid Thermodynamic State - Using a supply tank oudet subcooler (heat 
exchanger), characterize the capability to provide single phase fluid during liquid transfer tests. 
Compare results with subcooling provided by tank pressurization. 

Liquid Dumping - Investigate the process of rapid tank dumping. 

Advanced Instrumentation - Demonstrate the case of state-of-the-art cryogenic two-phase flow 
meters, temperature sensors, and liquid/vapor detectors. 

The relationship of each Class I and Class II experiment is shown in Figure 1.3-1. For each 
experiment category the number of tests associated with it are shown. Convenient departure points are 
highlighted (tank pressure control) for ease in relating experiment interdependency. Collectively the 
experiment set drives out requirements which have to be met by specific elements of the experiment 
subsystem. This overview of experiment relationship defines the order of experiment test sequencing 
and aided in the development of the experiment data base for sequential ordering of tests and the 
assembly of a mission timeline. 
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Figure 13-1 Interdependency of Class I and Class II Experiments 
1.4 Experiment Subsystem Description 

The COLD-SAT Experiment Subsystem is composed of the following major elements: liquid hydrogen 
storage and supply tank, receiver tank 1, receiver tank 2, gaseous pressurant storage and 
pressurization control subsystem, fluid distribution subsystem, experiment control and monitoring 
subsystem, and experiment instrumentation subsystem. Figure 1.4-1 is a schematic of the inter- 
relationships of the experiment subsystem elements. A summary definition of the major experiment 
subsystem elements is as follows: 

Su pply Tank - This tank is vacuum jacketed (VJ), 4.25 m^ (150 ft^) capable of holding 286 kg (630 
lbs) of LH2 at 95% full. The tank has a diameter of 234 cm (92 in) and a length of 21 1 cm (83 in) to 
completely utilize the available space in the payload fairing. The pressure vessel (PV) contains a 
total communication LAD with an outlet at the bottom of the tank. A vent/pressurization penetration 
which feeds directly into the tank via a diffuser is located at the opposite end. Two spray systems are 
provided through which liquid can be introduced from one or two mixer pumps to provide mixing of 
the bulk fluid. Return fluid from either receiver tank can be introduced into the radial or axial spray 
for increased top-off potential and minimizing residuals during receiver to supply tank 
transfers. 
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Figure 1.4-1 Experiment Subsystem Simplified Schematic 

An in ternal thcrmody n amic vent system (TVS) heat exchanger (HX) routed on the LAD and on other 
critical surfaces is provided to cool the bulk fluid, control tank pressure and provide subcooling to the 
LAD and outlet fluid. The TVS HX is then routed to a vapor cooled shield (VCS) located 
between the PV and the VJ. Thermal control heaters uniformly cover the pressure vessel with assorted 
heating elements which are used to vary the tank heat flux for pressure control experiments. Multi- 
layer insulation (MLR is located between the PV and the VCS, as well as between the VCS and the 
VJ All plumbing penetrations from the PV are routed internal to the VJ and exit at the girth ring area. 
Outlet components are sandwiched between the PV and the VJ with component access provided for 
contingency main tenance (see Figure 1.4-2). The PV connects to the VJ with a composite strap 
suspension system. LH2 is loaded on the ground before launch and provides the total LH2 mission 
budget 

Receiver Tank 1 - Receiver tank 1 is an insulated, non-vacuum jacketed, 1.13 m3 (40 ft3) tank capable 
of holding 74 kg (163 lbs) of LH2 at 95% full The length is 188 cm (74 in) with a diameter of 97 cm 
(38 in). The M/V is approximately 2 and the L/D is 1.95. The PV contains a LAD to provide liquid at 
the inlet/outlet penetration. A vent/pressurization penetration exits at the tank top. Axial and wall 
mounted inward pointing spray systems are provided for chilldown and no-vent fill testing. An 
external wall mounted tank TVS HX routed on the PV and on other critical surfaces is provided to cool 
the tank and bulk liquid. A MLI blanket covers the entire tank. The tank is supported to the S/C 
structure with 8 composite struts. 

Receiver Tank 2 - This tank is an insulated, non-vacuum jacketed 0.56 m3 (19.9 ft3) tank capable of 
holding 37 kg (81 lbs) of LH2 at 95% full. The tank is almost spherical 97 cm (38 in) in diameter with 
a minimal girth ring section. The M/V is approximately 2 and the L/D is 1. The PV does not contain a 
LAD but has a simple screen/plate baffle at the outlet to minimize residuals during settled 
expulsions and prevent vapor intrusion. A combined vent/pressurization penetration exits at the 
opposite end. The PV contains an exterior wall mounted TVS HX (no VCS) for pressure control. 
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Axial, radial, and tangential spray systems are provided for chilldown and no-vent fill testing. An 
optimized MLI blanket surrounds the PV. Tankchilldown can also be accomplished by introducing 
chilldown fluid into the TVS HX. Support is provided to S/C structure by two trunnion mounts and a 
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Figure 1 .4-2 Supply Tank Outlet Details 

Pressurization - Prcssurant storage is provided by nine bottles, each 29.8 cm (1 1.75 in) diameter by 
122 cm (48 in) length with a volume of 0.076 m 3 (2.7 ft 3 ) tanks pressurized to 20670 kN/m^ (3000 
psia) on the ground prior to flight Seven tanks store 8 kg (17.5 lbs) of GH2 while the remaining two 
contain 4.5 kg (10 lbs) of GHe. Either pressurant can be used for receiver tank pressurization while 
only GH2 will be used for the supply tank. Fixed regulators control delivered pressurant to 276 
kN/m^ (40 psia). Pressures less than this maximum are controlled by tank isolation valves. 

Fluid Distribution - Experiment tankage is interconnected with a common transfer line containing a 
transfer pump and vent line plumbing and associated components and instrumentation. Ground 
fill/drain and vent needs of the supply tank are also provided. 


Experiment Control and Monitoring - Control and data handling of the experiment and its subelements 
is managed via Remote Interface Units (RIUs) which receive commands from the spacecraft 
Telemetry, Tracking, and Command (TT&C) subsystem and operate needed fimctions. 
Instrumentation and sensor data is also collected via the RIUs which provides the data to the TT&C for 
processing or downlinking. 

Instrumentation - Instrumentation required to monitor the Class I and Class II experiments consists of 
temperature, pressure, flowrate, valve position, liquid/vapor and liquid level detection, and fluid 
quality discrimination measurements required to monitor specific experiment needs. Table 1.4-1 
provides a summary of these devices. 
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Table 1.4-1 Experiment Instrumentation Summary 


Type 

Supply Tanls 

RT1 

RT2 

Press. 

Temperature 


mm 

51 

27 

Pressure 



7 

17 

Flowrate 


l 

1 

8 

Liquid level 


2 

2 

- 

Events 

50 

50 

50 

18 

Acceleration 

3 

- 

- 


Other Types 

4 


1 

1 


1.5 Spacecraft Subsystem Description 

The spacecraft (S/C) subsystems support the experiment subsystem in the accomplishment of 
the mission science and operational objectives. Together they comprise the satellite flight segment of 
the COLD-SAT System. The following provides a brief description of the spacecraft subsystems. 
Figure 1.5-1 views the COLD-SAT inside the 3.05 m (10 ft) Delta II payload fairing with vehicle 
station locations and payload envelope constraints shown. The approach for the spacecraft bus which 
supports the experiment subsystem is to utilize the existing flight qualified and proven Multi Mission 
Spacecraft (MMS) Modules. Over the years Martin Marietta, in consonance with Fairchild, has refined 
and expanded on the original MMS design to produce an upgraded version of the modules. They are 
ideally suited for the COLD-SAT and provide a design which requires only minor modification for 
COLD-SAT use. 

A summary description of the major elements of the spacecraft subsystem is as follows: 

Structures Subsystem - This subsystem provides the structural mounting for all S/C and experiment 
subsystems and for the satellite to Delta II launch vehicle attachment interface which utilizes a V-band 
clamp. Four Multimission Modular Spacecraft (MMS) modules provide most of the support and 
attachment for electrical and avionic equipment . These modules mount to a rectangular tube support 
structure which also supports both receiver tanks. Eight support longerons attach to the supply tank 
vacuum jacket girth rings. Two sets of eight upper and sixteen lower support struts connect to the 
longerons for transition to the upper MMS module support frame and to the lower separation system 
ring frame. Mechanisms are provided to deploy, stow and lock deployable items such as the solar 
arrays and the TDRSS antenna. 

Attitude Control System (ACS’! • The ACS, in conjunction with the on-board computer (OBQ, 
performs the attitude determination function and controls the attitude of the satellite and of the 
independent appendages, as well as controlling the thrust vector during orbital adjust maneuver* and 
experiment accelerations. Attitude error is corrected using thruster pulsing or reaction wheels and 
magnetic torquers, depending on the S/C mode of operation. The commands to the wheels, torquers, 
or thrusters are issued by the flight software to the hardware via interface electronics. Coarse sun 
sensors initially lock on to the sun, then fine sun sensors provide the pointing reference. Horizon 
sensors in the control system, in conjunction with an inertial reference unit, will determine the present 
orientation and then the desired orientation commands will be issued from the flight computer's control 
software, as required. The ACS is contained in the existing MMS Attitude Control System module. 

Electrical Power Subsystem (EPS1 - The EPS utilizes two flight proven MMS modules. The Modular 
Power Subsystem (MPS) module provides power generation , regulation and battery charging, and 
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electrical storage capabilities. A Power Control & Distribution Module (PCDM) provides protection, 
control and distribution of electrical power to electrical elements external to the subsystem 
modules( ACS, MPS, and C&DH). The PCDM also provides control of solar array and TDRSS 
antenna articulation, power to the experiment mixer pumps, and firing control of ordnance devices. 
Command and data handling functions are provided by the TTCS via remote interface units (RIUs). 
Two solar arrays and two rechargeable 50 amp hour batteries are the power sources during orbit 
operations. 

Telemetry. Tracking and Command Subsystem (TTCS) - The TTCS provides for storage, formatting 
and transmission of telemetry and experiment data and the capability for the decoding and distribution 
of commands. The TTCS also provides for the transmission of data downlink and the acceptance of 
ground command uplink via the Tracking Data Relay Satellite System (TDRSS) or the Ground Space 
Tracking & Data Network (GSTDN). The TTCS utilizes MMS hardware and contains a Command & 
Data Handling subsystem element, as well as a Communication Subsystem element. Multiple remote 
interface units (RIUs) and extender units (EUs) allow control and monitoring of the extensive sensors, 
valves, and other components of the experiment subsystem. Control of the experiment sequencing 
functions and the attitude control function are both handled by the on-board computer (OBC). 
Communications between the TTCS and the other subsystems is via a multiplex data bus (MDB) that 
consists of a supervisory bus and a reply bus both of which are redundant. A central unit (CU) within 
the TTCS controls the distribution of commands and the acquisition of data. The RIUs in each of the 
subsystems interface to the MDB, process commands and acquire data requested by the CU. The CU 
also controls the processing of ground uplinked commands and software loads. Two solid state 
recorders can accommodate up to 24 hours of data storage. The Communication Subsystem provides 
the capability to communicate with ground stations or TDRSS. TDRSS is the primary communication 
link while two omni antennas provide a backup link to the ground. A major portion of the TTCS is 
contained within the MMS Command and Data Handling (C&DH) module. 

Thermal Control Subsystem (TCS) - The TCS consists of thermal coatings, insulation, louver 
assemblies, sensors, heaters and associated thermostats, and radiative surface plates required to control 
and monitor the thermal environment to within proper operating ranges for all satellite hardware. This 
design approach provides passive thermal balance of the entire spacecraft using the above specified 
techniques, as appropriate combined with S/C aft pointing towards the sun for the major portion of the 
mission. 

Propulsion and Ordnance Subsystem - This subsystem provides the delta velocity to perform orbital 
maneuvers and attitude adjustments, and maintain controlled acceleration levels for the experiments. 
Reaction control thrusters act as a supplement to attitude control provided by reaction wheels and 
magnetic torquers and also are used to desaturate the reaction wheels. Ordnance pyrotechnic devices 
are used for separation, deployment, actuation, and release of satellite devices, and system activation. 
The propulsion subsystem uses hydrazine stored in eight 48.3 cm ( 19 in) diaphragm tanks. 
Pressurant regulation at fixed levels maintains selected constant thrust levels for given experiments 
which require specified accelerations in the range of 10 to 100 micro G for durations up to 14 hours in 
length. Twenty 0.89 N ( 0.2 lbf ) thrusters are used to meet experiment acceleration and attitude 
control requirements. Forward and aft propulsion modules provide for vehicle X-axis thrusting, as 
well as pitch and yaw control. Roll thrusters are located on the aft side of the S/C. 

Vehicle Flight Software - Vehicle flight software, resident in the OBC, will perform command 
executions and computations in support of spacecraft and experiment functions, provide control for the 
ACS and the experiment, manage data collection and recorder use, control the telemetry, and provide 
redundancy management and fault protection. 
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Figure 15-1 COLD-SAT Configuration in the Delta II Payload Fairing 
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Tabic 1.5-1 lists the general top-level characteristics of the COLD-SAT satellite. 
Table 15-1 COLD-SAT Characteristics 


Size : 135 M bia X 319 M Weight (S ? t 4 In X 19 Ft TTZ) 
Dry Weight: 2420 Kg (5336Lbs) 

Consumables: LH2 285 Kg ( 628 Lbs) 

Propellant 434 Kg (956 Lbs) 

GH2 Pressurant 8 Kg (17.5 Lbs) 

GHe Pressurant 6.8 Kg (15.1 Lbs) 

Launch Weight: 3221 Kg (7103 Lbs) (without margin) 

Launch Condition: Powered up and recording experiment data 
Mission Duration: Three months active 
Orbit: Circular at 926 Km (500 Nmi) - 103 minutes at 28.8 deg 
orbit becomes slightly elliptical after thrusting 
Attitude: Inertial with S/C -X-axis (aft end) pointing at 
projection of the sun in the orbit plane 
Average Power Requirement: 1 167 watts 
Operations Approach: TDRSS 10 Min contact per orbit 
record and downlink all data 
realtime data is also available 
S/C Subsystems: Existing, qualified designs 
Experiment Subsystem: New tank development required 


1 .6 Ground Segment a nd Interfaces Description 

Figure 1.6-1 provides a definition of the COLD-SAT System and the functional interfaces required to 
operate the system . Internal satellite and ground support equipment and facility interfaces (both 
m ^ ha nirai and electrical), as well as man machine interfaces are also shown. 

The COLD-SAT Ground Segment provides for associated pre-flight, in-flight, and post-flight support 
functions as follows: 

Mechanical Ground Support Equipment (MGSEl - The MGSE provides ground servicing, handling 
support, transportation support, and maintenance functions for the satellite. The major MOSh 
structural hardware items include a transporter with protective cover, handling and rotation dolly, 
handling/lifting slings & strongback, holding fixtures and installation tools. In addition, a separation 
imnfac* test set and alignment test equipment are provided. Support equipment for the experiment and 
propulsion subsystem includes a propellant servicing/deservicing cart, propellant high pressure GHe 
pressurant servicing panel, LH2 servicing/deservicing system, high pressure GH2 experiment 
pressurant servicing system, high pressure GHe experiment pressurant servicing panel, experiment 
Lid propellant system leak check kits, fluid support equipment and miscellaneous calibration 
equipment 
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Figure 1.6-1 COLD-SAT Internal and External Functional Interfaces 

Electrical Ground Support Equipment (EGSE) - The EGSE provides command, control, calibration, 
simulation, ground 28 Vdc power to the satellite, and data management of the spacecraft and 
experiment subsystems during ground test and checkout operations. A major portion of the EGSE 
hardware is comprised of the spacecraft TTCS support equipment comprised of a RF test set, sun 
sensor simulator, articulation simulator, EPS simulator, ACS simulator, mission sequence and 
command generation system, monitoring system, display equipment and printer. In addition, a power 
distribution system, spacecraft electrical power subsystem support equipment, an electronics 
integration test set, and solar panel test equipment are provided. 

Satellite Operations Control Center (SOCC) - The SOCC provides in-flight command, control and 
management of flight data (both realtime and recorded) for COLD-SAT. Operations software is 
included in the SOCC. The SOCC includes a router, telemetry preprocessor, data management work 
stations, mission planning and scheduling work stations, and personal computers for experiment 
monitoring and data processing. 
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r,m.inH Servicing Considerations - The terminal countdown servicing of LH2 and GH2 after the 
rot n-SAT jsi inte^t^tot^ Delta II launch vehicle is a critical driver on LC-17 launch site 
modifications required to provide the capability to safely perform these operations. It also impacts 
meeting COLD-SAT requirements for tank thermal s t a bil i z ation and how the chilldown of the supp y 
tank is going to be accomplished on the ground. Pad safety considerations and restrictions require that 
this servicing be accomplished in the final 8 hours prior to launch after the pad is cleared of personnel. 
This imposes remotely controlled LH2 and GH2 loading operations using an umbilical connected to 
the spacecraft via the launch vehicle fixed umbilical tower. The umbilical disconnects at launch. 


1.7 Mission Description 


COLD-SAT mission design requirements were derived primarily from the need to reduce the 
background acceleration during certain experiment performance to less than 1 micro G m order to 
minimis fluid perturbations and slosh interactions. The capability to transmit experiment data ^and 
uplink command information was also considered. Launch on a Delta II expendable launch 
(FT .V) was selected as the most cost effective option. A final orbital altitude greater than 926 tan (500 
nmi) was selected to provide a 500 year lifetime, in order to circumvent a detailed reentry breakup 
study. Launch to a circular orbit was baselined, with experiment thrust maneuvers performed to 
minimi the growth of eccentricity. Although circularity is not a strict requirement, it is beneficial in 
order to main tain a more consistent experiment environment due to atmospheric drag variations with 
altitude. An initial altitude of 926 tan (500 nmi) was selected to provide a margin on the minimum 
altitude requirement The background acceleration at 926 km (500 nmi) is less than 0.001 micro G. 
Figure 1.7-1 shows some of the COLD-SAT orbital mission requirements. 


The attitude of the COLD-SAT satellite was selected so that the long -X axis of the S/C is in the orbit 
plane pointed at the projection of the sun vector in the orbit plane. This arrangement allows adequate 
solar array contact with the sun, minimizes the perturbation of the experiment environment and 
minimis the need to desaturate reaction wheels during experiment steady state micro G quiet penods. 
This orientation als o keeps the propellant tanks pointed towards the sun for the majority or the mission 
and eliminates the need for tank heaters. A slow roll, pitch and yaw of the satellite is required, as the 
orbit regresses and the earth moves around the sun, which amounts to less than 2 degrees per day. 


The TDRSS is baselined as the primary communication mode for downlinking experiment data and 
unli nkin g command information and software loads. The GSTDN is included as a backup ground link 
to provide health and status data only. TDRSS contact has been baselined for at least a 10 minute 
per orbit downlink/uplink communication period. 

A three month mission is planned, based on the projected consumption of the liquid hydrogen budget. 
At the end of the mission, propellants, pressurants, and remaining hydrogen will be depleted/purged 
from S/C tankage as a shut down procedure in order to safe the satellite prior to S/C powerdown. 


The COLD-SAT Phase A Feasibility Studies program was concluded in early 1990. It will be 
followed with a phase B pr ogram which will take the design approach through a Preliminary Design 
Review (PDR) subject to continued NASA supporting budget activities. Phase B will begin m mid 
1991 followed by a competitive phase C/D procurement leading to a flight in the 1997 timeframe. 
Current activities include concepts for supporting technology experiments for focused small scale flight 
experiments to augment the overall technology needs of low-g cryogenic fluid management throughout 
the 1990's. 
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Figure 1.7-1 COLD-SAT On-Orbit Mission Requirements 

1.9 Technology Issues 

Technology issues have been identified for the COLD-SAT in the area of component and hardware 
development and then progressing to subsystem element and individual process investigation testing 
on the ground. These items were previously identified on Figure 1.2-1. They fall into the category of 
open technology issues that must be addressed prior to Phase C/D program commitment This 
category is of a much higher order when compared to those which provide technology enhancement by 
improving performance and reducing risk, but which are not prerequisites to proceeding with the 
Phase C/D program. The only item which falls into this later category is tank mass gaging which can 
be deleted as a .requirement without effecting the other experimental objectives. Open technology with 
respect to hardware includes the development of new hardware and demonstrating the required new 
performance and capability of existing hardware. Open process technology involves techniques 
associated with the low-g environment that are not certifiable by ground testing alone, but rather 
provide design and performance data which aids in the understanding of the process involved. 

1. 10 Conclusions and Recommendations 

The following major conclusions and recommendations were compiled during the course of the 
COLD-SAT feasibility study effort: 

• We have selected the Delta II as the most cost effective ELV for launching a payload in the 
defined weight class of 4082 kg (9000 lbs) with margin included. This choice also took into 
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account the cost of launch pad modifications required to accommodate LH2/GH2 servicing and 
attendant operational impact . 

• Our selected spacecraft bus approach utilizes an existing qualified and flight proven Multi 
Mission Spacecraft (MMS) derivative which is an expansion and improvement on the original 
MMS hardware. 

• Electrical hazard proofing of the spacecraft subsystems to operate in a potential hydrogen 
environment is accomplished by operation in a vacuum environment during ground testing or 
by GN2 purging for the ground loading scenario. 

• Selection of a suitable supply tank size, which established the mission LH2 budget, resulted 
in a final size of 4.25 m3 (150 ft3). While this size fluctuated over the study and was driven to 
a smaller (minimum recommended ) size due to cost and payload fainng packaging constraints, 
an upper limit of around 5.67 m3 (200 ft3) is the maximum size capability. A vacuum jacket 
was baselined for safe LH2 servicing and containment on the ground. 

• Two receiver tanks of approximately 0.57 m3 (20 ft3) and 1.13 m3 (40 ft3) form the basis 
for the rest of the experiment subsystem tankage configuration. The smaller receiver tank is 
close to spherical in size, while the larger is cylindrical with a total communication liquid 
acquisition device. 

• The mission duration is 3 months and should not exceed 6 months. 

Several recommendations for changes to our baseline configuration call for additional study 
effort beyond the work performed from our study activities. These include: 

• A non-vacuum jacketed supply tank design. [Reduce complexity and weight (cost)] 

• Reduction in the number of GH2 pressurant tanks and using LH2 for ground loading and on- 
orbit recharge of the pressurant system [Increase reliability]. 

• Delete the forward propulsion module and eliminate regulated pressurant to the propulsion 
tanks. Blowdown propulsion would be used. Both changes affect experiment science 
and are a compromise between cost and technology return for these features. 

• Change to fixed solar arrays. [Reduce complexity (cost)] 

• Reconfigure the satellite and move spacecraft MMS modules to an aft location. [Center of 
Gravity and ease of installation] 


1-15 




2.0 INTRODU CTION AND SCOPF. 


The replenishment of spacecraft cryogenic consumables provides an effective and efficient method for 
extending the useful life of spacecraft on-orbit A wide variety of orbital cryogenic liquid storage and 
supply systems are defined in current NASA and DOD planning. These systems vary in size from 
small cooling applications to large chemical propellant and electrical orbital, lunar, and interplanetary 
transfer vehicles, on-orbit depots and resupply tankers. Other applications include power reactants, 
life support, and experiment or process consumables. Many of these applications will make use of in 
space cryogenic storage or will require orbital transfer of cryogens for replenishment of spent or 
depleted systems. Initial loading of these systems in space may also be required, creating various 
initial thermal conditions from completely cold to warm, which require chilldown operations. All of 
these needs have the common requirement of low-g fluid management to accomplish gas-free liquid 
expulsion, transfer, and resupply and efficient thermal control to manage heat leak and tank pressure. 
The focus of the COLD-SAT Program is to develop technology required to meet these needs for the 
purpose of establishing an adequate technology base to enable the design and operation of those 
systems utilizing subcritical cryogenic fluid in the reduced low-g space environment . The COLD- 
SAT satellite will be utilized to develop the technology required to effectively manage cryogens in 
space by performing a series of cryogenic fluid management flight experiments. These experiments 
will provide essential low-g data to enrich the understanding of the thermophysics of subcritical 
cryogens and to validate analytical and numerical models. The technology developed will permit the 
establishment of a cryogenic data base containing methodologies and criteria for in space subcritical 
cryogenic system design. 

2.1 Objective and Scope 

The major thrust of the twenty-four month COLD-SAT Feasibility Studies contract was to produce an 

in-depth assessment and conceptual design approach, supported by appropriate trade studies and 

analyses, for a cryogenic fluid management flight experimental satellite to be carried into a suitable low 

earth orbit using an expendable launch vehicle (ELV). This satellite consists of spacecraft subsystems 

supporting an experiment subsystem capable of performing various cryofluid management experiments 

falling into high priority (Class I) and secondary (Class II) categories. Included in this definition is a 

development of the system concept, analyses of the system and spacecraft and experiment elements, 

and conceptual and preliminary design descriptions. Other needed efforts consist of mission design, 

operations planning (both ground and flight), experiment definition, requirements documentation, 

specification development, interface definition, project planning and cost estimation. The study is 

divided into the following three stages which began in February 1988 and concluded in February 
i oon- J 


1) The Initial Concept Development stage lasted approximately six months and consisted of the 
development of concepts for the satellite and associated support systems including a 
recommendation for the ELV. A Concept Review (CR) concluded this phase. 

2) The Concept Refinement and Requirements Definition stage had a duration of approximately 
six months and ended with a Preliminary Requirements Review (PRR). Refinements were 
made to the preferred approach selected after the CR. 

3) The Preliminary Experiment Design stage comprised the last twelve months of the program 
and consisted of refinements and updates to the baselined approach presented at the PRR with 
emphases on experiment subsystem level definition. This phase was concluded with an 
Experiment Review (ER) which also included presenting a complete and comprehensive 
COLD-SAT concept. 
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This report addresses all aspects of the COLD-SAT System concept development which included the 
following: 

a) Definition of the COLD-SAT satellite approach concept and configuration which includes: 

1. Design evolution during the study. 

2. Experiment Subsystem definition and design. 

3. Spacecraft Subsystem definition and design. 

b) Mission design and analysis considerations, requirements, and launch vehicle needs. 

c) Experiment set goals and objectives for primary and secondary test requirements including 
the development of an experiment test data base for the on-orbit mission. 

d) Mass properties data, weights, center of gravity information, and consumables capabilities. 

e) Power, command and data requirements and capabilities. 

f) Subsystem performance predictions* 

g) Component and instrumentation assessments. 

h) Ground segment design and requirements for mechanical and electrical equipment and 
facilities and ground control of the satellite. 

i) COLD-SAT system internal and external interface definition. 

j) Generation of functional block diagrams and schematics. 

k) P reliminar y operational scenario development which included ground processing, launch 
pad, on-orbit, and post mission operational assessments, as well as contingency considerations 
and satellite operations control center support 

l) Preliminary safety analysis. 

m) Discussion of technology issues. 

n) Associated trade studies, analyses, and rationale. 

o) Reliability predictions. 

p) Project planning and cost estimating activities. 

2 2 UssiSD Guidelines Gmnndrules and Priorities 

A set of design guidelines was established for the purpose of providing top level guidance f or the 
development of die COLD-SAT approach concept They represent a set of groundrules and goals 
addressing the nature of the COLD-SAT System, how it has to opwate and interface, 
issues, requirements, and priorities were established and handled early in the program to create a 

reference set of baseline intent 

The following top level design decisions represent given, implied and derived basic features which 
were u sed in the development of the COLD-SAT concept 

a) A msaaimzcd total technological return for a minimum total system cost 
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b) Reliability for the proper execution of Class I experiments of 0.92 or greater. 

c) Minimum technological risk through the use of existing hardware and proven designs and 
approaches. 

d) Minimum modification to the ELV launch facilities. 

e) Ma ximum use of existing test facilities. 

f) Pr imar y uplink/downlink communications with the COLD-SAT with a 10 minute TDRSS 
contact per orbit with backup communications directly to the ground using GSTDN. 

g) Launch weight less than 3401 kg (7500 lbs) with a 20 % contingency (established after the 
PRR). 

h) The final end-of-mission orbit for the COLD-SAT satellite with a larger than 500 year 
reentry life by having a minimum end-of-mission altitude of 926 km (500 nmi). 

i) A supply tank and two receiver tanks with pressurization and associated support elements for 
the experiment subsystem. 

j) The system must be "fail operational” - no single point failure preventing the 
accomplishment of all Class I and the majority of Class II experiment objectives. 

k) The system must meet safety requirements of ESMCR 127-1, as a minimum. 

2.3 Design Approach an d Methodology 

Our approach for the conceptual Phase "A" design study for the COLD-SAT is to produce a cost 
effective and technically suitable satellite design which accomplishes the defined experimental and 
mission objectives while incorporating the established design guidelines, groundrules and priorities. 
In particular, our efforts concentrated upon the effects of the low-g space environment on the 
cryogenic storage, acquisition, and transfer technologies which are critical to the COLD-SAT program. 
Key towards this end has been the application of systems engineering techniques to optimize the total 
system design in terms of performance and cost, as well as insuring that contract/SOW requirements 
are met A broad spectrum of engineering disciplines are necessary for a system as complex as COLD- 
SAT and the systems engineering approach serves to tie the process together, permits the rapid 
identification of problems, inhibits a drifting from system objectives, and allows recognition of 
process completion through required program reviews, technical interchange and customer 
agreements. 

The extensive nature of the experimental requirements created a systems requirements definition 
dominated by the need to accomplish these objectives. As a result, the experiment subsystem drove 
the spacecraft subsystems design in the following major areas: 

- attitude control 

- propulsion 

- data acquisition and control 

- structures 

When applicable, an identification was made of experimental requirements which imposed excessive 
and costly requirements on the spacecraft subsystems along with options to simplify the spacecraft 
design. Implementation of such simplification, however , often resulted in unacceptable experiment 
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science changes that were considered to be important to the mission and, therefore not candidates for 
deletion or restriction. 


Table 2-1 shows some of the key requirements that were used to design the COLD-SAT and the 
rationale for why these requirements are drivers of the design. Many unpact more than one daphne, 
collectively they demonstrate the complexities associated with the systems engineering acuity. Even 
though there are many design drivers identified, both given and derived, which cover a broad range of 
experimental and mission needs, it is important that the design resulting from the trade studies, 
analyses, and experiment desires not result in a spacecraft that is overly sophisticated and costly. 
Rather the design should present a realistic compromise between spacecraft and experiment subsystem 
complexity, weight, development requirements, life cycle costs, and how much of the desired potential 
mission and on-orbit testing can be accommodated. 


Table 2- 1 Requirements That Drive the COLD-SAT Design and Rationale 
Rwnnirement Rationale 

1. Supply tank volume 


2. Propellant tank(s) volume 

3. Satellite total weight 

4. MMS electronics 

5. Solid state recorders 

6. Articulated solar array 

7. Articulated antenna 

8. Reaction wheels & mag torquers 
for attitude control 

9. Thruster size/quantities/location 

10. Number of RIUs and ElTs 

1 1. Earth horizon sensors 

12. Fine and coarse sun sensors 

13. Aft end pointing towards the sun 

14. Mission duration ( approx 90 days) 

15. Final mission altitude of 926 km 
(500 nmi) 

16. Initial mission altitude 

17. Redundant S/C systems and 
experiment subsystem components 

18. Receiver tank size and shape 

19. Satellite configuration 


1. Delta II payload fairing envelope and 
component accessability 

2. Experiment acceleration requirements and 
spacecraft attitude control needs 

3. Delta II capability @ 926 km (500 nmi) 

4. Interface compatibility and existing off the 
shelf hardware and software 

5. Eliminates external torque considerations on 
the experiment from a tape recorder drive motor 

6. Maintain sun pointing with minimum array 
size 

7. TDRSS pointing 

8. Eliminates external torque produced by 
thr usters used for attitude control 

9. Experiment acceleration regimes with 
minimi wH transverse components 

10. Number of experiment analog channels 
11. 1 ess H/W & S/W complexity than star 
scanners 

12. Accuracy (± 2 deg) for sun pointing 

13. Minimizes propellant thermal conditioning 
with heaters 

14. Experiment consumption of 286 kg (630 lb) 
LH2 budget 

15. Exceeds 500 year lifetime requirement 

16. Minimizes background gravity environment 

17. Needed to meet 92% reliability 

18. Remaining volume left after supply tank, 
MMS module, and propellant tank integration 

19. Delta II eg constraint above the separation 
plane 
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r REQUIREMEN TS AND DEFINITION 


The need for advanced cryogenic fluid management technology is driven by future space missions 
which will transport, store, and consume cryogenic fluids as part of their everyday mission operation. 
Various past activities have examined these needs and have categorized cryogenic technology 
requirements requiring in-space testing under one or more of the following five major headings: 


• Liquid Storage ( thermal and pressure control ) 

• Liquid Supply ( pressurization, acquisition and subcooling ) 

• T -i qtrid Transfer ( chilldown and fill ) 

• Fluid Handlin g ( slosh and dumping ) 

• Advanced Instrumentation ( mass gaging and flow metering ) 


The following logic was employed to further categorize technology requirements and experimentation 
objectives: 

Hass T Experiment Ohiectives - Objectives for this class are primarily scientific in nature and are 
considered enabling technologies for future space missions. Class I experiments comprise the highest 
experiment priority and must be executed properly. On-orbit testing is essential since they involve 
processes which are significantly affected by the low gravitational environment. 

Class TT Experiment Ohiectives - This class of experiments forms a lower level of testing priority and 
has a correspondingly lower science value and are considered supporting in nature. Objectives may 
include component and system demonstration which provide future space missions with reduced 
operational complexity and/or performance enhancement. For the most part , Class II technologies are 
required for the successful accomplishment of Class I objectives. 

Figure 1-2 previously presented in Section 1 shows these levels of in-space experimentation, as well 
as prerequisite levels of ground based subsystem element testing and individual component 
development 

Two levels of Cryogenic Fluid Management (CFM) technology have been identified which have to be 
initiated and completed (or well under way with appropriate confidence levels established) before the 
COLD-SAT Phase C/D Critical Design Review (CDR). The two levels support the on-orbit testing 
objectives of the COLD-SAT program, and they both contribute to the accumulation of a Cryogenic 
Fluid Management Data Base and the development/validation of required analytical and design tools. 

The first level of technology need begins with component development needed to support the COLD- 
SAT experiment subsystem hardware design development and subsequent fabrication and assembly of 
the flight hardware. Some of this activity has already been initiated by NASA and has to be continued 
in a timely and effective programmed approach to support the Phase C/D effort. The second level of 
technology need is associated with storage, transfer, and resupply processes either at a particular 
element level (such as spray nozzle characterization) or at a subsystem level (spray system 
characterization for chilldown and associated filling of a particular tank configuration). The number of 
activities in these areas are extensive and requires an immediate development approach and planning 
for the carrying out of these tasks. 

The basic CFM technology that is desired to be investigated by COLD-SAT on-orbit low-g 
experimentation is also depicted in Figure 1-2 and falls under one of the five major headings as shown. 
Some of these items have been deleted from the current mission objectives due to experiment 
complexity and costing considerations. This does not detract from the technology need for these areas 
such as ma^s gaging and slosh dynamics. The development of a ground test bed dedicated to this 
effort would tremendously support these investigations, as would ground simulations of the on-orbit 
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nns^on (as best as can be conducted in a one-g thermal vacuum environment) using COLD-SAT flight 
hardware tested with LH2. 

All of the above will produce data that will contribute to the building of a Cryogenic Fluid Data Base. 
This r| ? ta base will feed into the development and eventual verification, validation and correlation or 
anal ytical models which will be needed to support planned and future programs that will require that 
this technology be developed. They are shown at the far left and right on Figure 1-2. 

f inally the need to have an appropriate mix of both scientific experimentation and system or 
component level demonstration is required for the COLD-SAT system (with the heavier weight biased 
towards the collection of scientific data). 

3 . i Technology Goals - A brief summary of cryogenic fluid management technology goals for the five 
general categories is presented below. 

T-inniri Storage - Future applications require that cryogens be stored in space for periods of time 
ranging from several hours, to several days, to several years and involves minimizing uquid boil-off 
and controlling tank pressure. Various continuous storage scenarios for depots and Space Station 
Freedom needs have also been suggested. Cryogenic storage systems are dependant on effective 
thermal control system performance and tank pressure control to provide reasonable bod-off losses 
with passive thermodynamic vent system (TVS) control for long-term storage and active mixing for 
thermal stratification management for shorter duration needs. Some applications may require active 
refrigeration. 

Heat reaches cryogenic tanks through the tank insulation, the support system, the plumbing 
penetrations, and through instrumentation lead wires. Heating rates are also strongly influenced by the 
external thermal environment and by any attempt to limit such heating by using thermal coatings and 
protections. While much of these influences can be well characterized, the performance of thick MU 
blanket systems on large tankage with respect to heat transfer, attachment at the tank surface and 
reducing compression/maintaining adequate blanket density, as well as seam and cioseovlt 
discontinuities, is difficult. All of these are issues which have to be addressed. They have 
implications associated with ground processing, ground servicing, launch environment, ascent effects 
and on-orbit influences. Other ground servicing factors for LH2 tanks that are loaded on the ground 
and then transported to orbit and which play an important part in tins area include insulation options 
other than conventional vacuum-jacketed systems. These options might include application of closed- 
cell foam directly on the tank with MLI over the foam and having the entire system purged with dry 
nitrogen gas to preclude condensation of nitrogen or oxygen (if air were allowed to contact the tank). 
Requirements for a purge bag around the tank system is another complication that has to be 

considered. 

Tank pressure control is accomplished through proper tank thermal management resulting from direct 
tank venting while the liquid is settled, or by using a thermodynamic vent system to both intercept and 
remove heat from the tank system, or by inhibiting/regulating thermal stratification by mixing the tank 
contents. A TVS is termed a passive control system where sacrificial tank fluid is flashed through a 
throttling Joule-Thomson expander and then routed through internal tank heat exchangers and then into 
a heat exchanger on the vapor-cooled shield (VCS) that surrounds the tank. Active control is 
accomplished with circulation devices that mix the tank contents to provide quick, short term pressure 
control without regard for the heat energy management of the system. It is highly desirable to maintain 
the stored liquid at as low a pressure as possible to maximize the potential use of the fluid, and to 
tmninuzc the weight of the tankage system. Optimization of these approaches and their efficient 
integration into tankage designs remains to be characterized. Other considerations include LH2 cooling 
enhancement provided by para-to-ortho conversion in which a fluid thepnal performance advantage 
can be gained from endothermic conversion of the vented hydrogen in its conversion from its initial 
para form to near its equilibrium para-ortho composition. Fluid utilization improvements are made 
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possible by using more than one VCS and coupling VCS's when LH2 and other cryogens are stored in 
close proximity. 

Finally, for very long-term storage applications, mechanical refrigerators could reduce venting losses 
by absorbing the majority of the heat input to the fluid storage tank. 

t innid S unol v - This technology area will investigate the unproven process of feeding single-phase, 
vXr-free subcritical cryogenic liquid at a required and controlled thermodynamic state from a storage 
SToudet to a usertoterface to toe low-gravity space environment. The process involves toe 
acquisition of tank fluid at the tank outlet using settling techniques or management of fluid using 
surface tension and capillary forces that make use of the characteristics of total commutation fine 
mesh screen devices. Fluid expulsion is accomplished by autogenous gas pressunzaoon or by 
pressurizing with a non-condensible pressurant such as helium. Helium imposes v ^^®“*** 
requirements and influences on system performance. Expulsion using this technique also accounts 
ISessary subcooling effects that the liquid experiences as part of the process of going to a higher 
pressure condition. Heat exchangers can also be used to achieve desired levels 
reduction. Mechanically-pumped outflow can also be used where the pump AP provides both the 
driving force, as well as the required subcooling effect on the fluid. Proper inlet conditions have to be 
maintain^ at the pump inlet so as not to induce fluid vaporization. This can be accomplished by a 
slight pressurization of the tank or by heat exchanger fluid conditioning* 

I jguid Transfer - This portion of the technology needs involves the requirement to transfer liquid from 
a supply rankto a receiver tank in the low-gravity space environment while minimizing liquid losses 
associated with the transfer process and controlling both the supply and specifically the receiver 
pressure during the chilldown and filling process. Low-g effects and the inability to readily vent • 1 ® 
receiver tank during the filling process presents new problems that have to be overcome. These issues 
are ail related to low-g influences on heat transfer rates and fluid monon/posinomng. 

The first step in the procedure is to chilldown the transfer line interconnecting the supply and receiver 
tank and then to chilldown the receiver tank while optimizing the amount of fluid consumed. The time 
required to accomplish these operations is also very dependant on low-g phenomenon and the amount 
of extra fluid available to be used to reduce the chilldown time. Tank chilldown can be performed 
using a direct contact wall-mounted heat exchanger through which chilldown fluid is routed on the tank 
wall, or by a charge- hold- vent technique whereby a fixed liquid charge is introduced into the tank via 
the spray systems* For the latter, the charge is held in the tank, allowing Ae transfer of heat from the 
tank waU to the fluid to take place until all of the fluid is vaporized. The fluid in the charge-hold- vent 
chilldown technique is ideally allowed enough time to come into thermal equilibrium with the tank 
wall. In reality, the fluid is allowed to nearly achieve the tank wall temperature since the heating time 
becomes substantial. The warm vapor is then vented to space and the process is repeated until the 
desired initial temperature for tank filling is reached. This entire process is dependant upon sev , er ^| 
heat transfer processes which are all operating under the unknown low-g influence. These heat 
transfer properties are expected to be also highly influenced by the fluid properties, liquid injecnon 
technique, tank wall temperature and tank size/shape. 

The process of filling the receiver tank after chilldown from an initially empty configuration can be 
accomplished using the following approaches: 


- no-vent fill 

- vented fill 

- ullage exchange 

Variations in the above techniques can also be used to top-off a partially full tank. 
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It is highly desirable to accomplish resupply of user tanks without venting as the transfer proceeds, 
since establishing an acceleration environment to settle liquid and clear a vent port may significantly 
impact the user system. Many systems are very sensitive to proximity venting and in certain cases may 
not be allowed or are severely restricted. The no-vent fill process accomplishes the tank filling without 
venting and can be divided into the following three phases. The first phase starts at the beginning of 
the transfer and proceeds until liquid starts to accumulate. It is characterized by vaporization and 
flashing of incoming liquid. Phase-two covers most of the remaining fill process, where incoming 
liquid causes compression of the vapor. The final phase occurs throughout the fill process but is most 
important near the end of the process and involves condensation of vapor to make room for more 
liquid before vapor co m pression stops the process. It becomes very important to "find" the ullage with 
fine liquid sprays to maximise the fill level The no-vent fill process involves the various heat transfer 
processes operating in the unknown effects of the low-g environment. These processes have to be 
investigated. 

The vented- fill technique can be used if both venting and a settling acceleration environment can be 
created. Liquid is introduced into the tank via the outlet to try to allow the liquid to accumulate in this 
area as determined by fluid momentum and tank acceleration levels. When the tank pressure equals the 
saturated condition of the incoming fluid the tank vent can be opened to vent vapor and maintain the 
tank slightly above this condition. The settling acceleration will hopefully maintain a stable interface 
and allow only vapor to be vented as the tank fills. If fluid momentum is greater than a critical level, 
the incoming fluid will likely penetrate the fluid interface, resulting in geysering and probable liquid 
flow out the vent. When this occurs, the vent will be closed and the process terminated if a stable 
interface cannot be re-established. Venting prematurely can adversely effect the process by causing 
flashing and liquid carryover out the vent. Again, various unknown fluid and gravity effects are 
working and an understanding of the effects cannot be confidently predicted. 

The last transfer technique, ullage exchange, is a form of a no-vent fill. The ullage exchange technique 
is a method of transferring liquids in a low-g environment which eliminates problems associated with 
vented or no-vent fill processes. Fluid transfer with the ullage exchange technique is accomplished by 
connecting the supply and receiver tank fill and vent lines to each other so that there is a closed fluid 
loop connecting the two tanks. The supply tank has a liquid acquisition device (LAD) to deliver liquid 
to the tank outlet The liquid is transferred to the receiver tank with a liquid pump. Pressure is 
relieved in the receiver tank as the tank is being filled by venting through the vent line. The position of 
the ullage is uncertain in such a process, so liquid or gas may be vented. All fluid vented from the 
receiver tank is collected in the supply tank. The ullage exchange approach offers several design and 
operational advantages over other techniques such as the no-vent fill approach, including a less 
complex receiver tank configuration, the capability to handle a non-condensible pressurant, and greater 
flexibility in performing receiver tank top-offs. The unknown technology issue is the capability of the 
process to sweep out ullage from the receiver tank so that significant ullage does not become trapped 
and thereby limit the fill level that can be obtained by the process. 

Inherent in all of the above liquid transfer processes is the added complication of insuring that if the 
receiver tank contains a liquid acquisition device (LAD) that it is properly and completely filled during 
the tank filling process, and particularly for the initially empty case. For a tank top-off, it is also 
critical that the top-off process does not violate or compromise the integrity of the fluid in the LAD. 

Fluid Handling - In the technology area of fluid handling, various issues associated with fluid motion 
resulting from spacecraft maneuvering and its dynamic interaction with the spacecraft have to be better 
understood. The ambient, low- gravity, on-orbit environment will influence die static orientation of the 
liquid and accelerations produced by satellite operations, specifically those produced from maneuvers 
will cause liquid motion. The effect of the applied environments on the liquid motion, including such 
variables as tank size and shape, tank fill fraction, and presence of slosh baffling, are areas requiring 
on-orbit investigations so that safe and predictable spacecraft operations can be predicted. The forces 
on the tank wall resulting from the liquid motion influence the maneuvering of the spacecraft Space 
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missions which are aborted may require that the tank contents be rapidly dumped overboard. This 
process is not well understood. 

Advanced Instrumentation - There is a recognized need in the area of advanced cryogenic 
instrumentation to develop devices that can perform the following: 

- determine the quantity or mass of liquid in a tank under low-g conditions 

• measure liquid and cold gas mass flow rates 

- detect two phase flow (indicate when vapor is present) 

• perform liquid level detection under settled low-g conditions where surface tension forces can 
still be dominant 

- high accuracy thermometry (±0.1 K) and associated signal conditioning circuit design 
necessary to maintain this accuracy 

An in-space cryogenic experiment will provide an ideal test bed for the evaluation of these devices. 

3.2 Experiment Set Requirements - An integrated on-orbit cryogenic experiment which incorporates all 
of the the above technology requirements as experimental objectives would result in an overly complex 
(for both experimental and associated spacecraft support systems) and very cosdy system that is at risk 
in various areas due to required component immaturity, as well as the value of the data that could be 
expected for the money spent. Pertinence to specific applications must also be considered in 
prioritizing the items and assessing whether they are candidates for inclusion into the COLD-SAT 
experimentation. Table 3.2-1 provides information on how these technologies are being addressed by 
COLD-SAT. This table shows that various technology areas are not being addressed by the current 
COLD-SAT experiment set Rationale for the exclusion of these areas is provided as follows: 

- All tank thermal performance experiments were deleted by customer technical direction. 

- Launch effects on thick MLI cannot be assessed since no experiment tank contains a 
thick enough insulation blanket [thick blankets range on the order of 5-7.6 cm (2-3 in)]. 
Thermal performance of receiver tanks were fixed by customer technical direction to a heat 
flux of 1.58 W/m^ (0.5 Btu/hr-ft^) which limit MLI blanket size to less than 2.54 cm ( 1 in). 
Also the tank being assessed should contain a cryogen so that any deleterious effects of 
reduced thermal performance may be observed during launch, ascent, and on-orbit. 

- The COLD-SAT mission currently has a 3-month life. Long-term space effects on MLI 
cannot be evaluated during this short time. One year or more is required. 

- The supply tank currently contains a vacuum jacket for LH2 ground servicing safety. 
Combined foam/MLI systems can only be evaluated on non- vacuum jacketed tanks. 

- Para-to-ortho thermal performance gains can be assessed on the ground and is an added 
complexity that is not cost effective. 

- Multiple/coupled VCS were also judged to be an added complexity and not cost effective by 
the customer. Also, the performance of multiple VCS can be evaluated on the ground. 

- Refrigerator and liquifier designs have not matured sufficiently to be cost effective. They 
require extra power, large radiators, and a great complexity to the experiment subsystem 
design. 

- Tank quantity mass gaging design has not sufficiently matured at this time to be included 
as part of the COLD-SAT baseline. The requirement was deleted per customer direction. 
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- The high orbit of the COLD-SAT as directed by the customer creates such a low gravity field 
that settled outflows using background acceleration levels will not work. Surface tension 
forces predominate in this gravity regime. 

- The amount of heat required to affect LAD performance is many orders of magnitude greater 
than the supply tank heaters are currently sized. This was not considered to be an important 
test requirement and is supported by ground testing results. 

- All liquid dynamics and slosh control experiments were deleted per customer technical 
direction. They imposed excessive propulsion and instrumentation requirements upon the 
system. 

- Slush hydrogen technology is being developed as part of NASP and was never considered to 
be a part of COLD-SAT. It is too complicated and not cost effective. 

Table 32-1 Cryogenic Fluid Management Technology Criticality Needs Met by COLD-SAT 



CLASS I 
CLASS a 
TANK 


■■■■■■■□□□■□□■■□□■■■□■■I 
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cnmcAUTY: 

1 - ENABLING FOR FUTURE SPACE MISSIONS 

2 • ENHANCING FOR FURORE SPACE MISSIONS 

3 • LIMITED BY MATURITY OP COMPONENTS REQUIRED 
TO OBTAIN THIS TECHNOLOGY 

4 • LIMITED IN FOCUS TO A VERY SPECIFIC APPLICATION 


TANKS: 

A - SUPPLY TANK 
B- RECEIVER TANK 1 
C - RECEIVER TANK 2 
0 • BOTH RECEIVER TANKS 
E • TRANSFER LINE 
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Table 3.2-2 list the COLD-SAT Gass I and Gass II experiment set categories which form the 
experimental technical objectives of the mission. Several requirements (as shown) have been deleted 
over the course of the program by customer technical direction. 

Table 32-2 The COLD-SAT Experiment Set 


Clas I Experiment Categories 


1*1 } Tank Prearare Control (Active and Passive) 

1*2 

1.3 Tank ChlUdown in Low-Gravity 

1.4 Low-G Nc^Vent FU1 and Refill of Cryo Tanka 

L5 Capillary Liquid Acquisition Device (LAD) 

Flil/Reflll Characterization 

1.6 Liquid Maas Gaging in Low-Gravity (Requirement Deleted) 

1.7 Liquid Dynamics and Slosh Control (Requirement Deleted) 


Class II Experimental Categories 


2*2 / Tank Thermal Performance (Requirements Deleted) 

2<3 

2.4 Tank Pressurization with GH and GHe 

2.5 Liquid Settling in Low-Gravity 
a* Tank Direct Liquid Outflow 

b. Tank Vented Fill 

c. Tank Ullage Venting 

2.6 Liquid Acquisition Device Performance in Low-G 

2.7 Transfer Line Chiildown 

2JJ Control of Liquid Thermodynamic State During Outflow 

19 Tank Liquid Dumping in Low-G 

210 Advanced Instrumentation for Cryo in Low-G 


3.2.1 Gass I Experiments - A discussion of the Gass I experiment requirements as they apply to 
each of the individual ERD ( Ref. 3.2-1) experiments is presented in the following paragraphs: 

Tank Pressure Control (Experiment Series 1.1 and 1.2) - Table 3.2-3 provides the top level 
requirements for the tank pressure control experiments. Four major areas make up the experiment 
objective for both the active and passive pressure control portions of the experiment. Efficient tank 
pressure control of on-orbit cryogenic tankage is dependent on the capability of the thermodynamic 
vent system (TVS) heat exchanger, the vapor-cooled shield (VCS), and the compact heat exchanger 
(CHX) to control the heat flux into the tank and/or remove heat from the system. This heat removal 
capability will be augmented in the supply tank with a compact heat exchanger that can remove heat 
from the tank at many times the rate of the TVS heat exchanger. Pressure control accomplished by 
thermal destratification will be investigated. The mixer system will aid in destratifying the fluid while 
also removing heat from the bulk fluid with the compact heat exchanger. 

So that the influences that contribute to mixer and TVS performance can be investigated, the listed 
parameters in Table 3.2-3 will be varied for the supply tank (majority of tests performed in this series ) 
and receiver tank pressure control tests. 

Key measurements required to provide data necessary to the understanding of the processes being 
investigated, as well as verification of analytical predictions are also defined in Table 3.2-3. These 
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include tank wall temperatures, bulk fluid temperatures, tank pressure, accelerations, liquid and vapor 
detectors, and TVS and liquid outflow rates. 

Table 32-3 Tank Pressure Control Experiment Principal Requirements 


. 6BJK T IVg ■ INVESTIGA T E PHENOMENA AS^ flATEP WITH Sonthouiiw i TM . 

PRESSURE (CONCENTRATING ON SUPPLY TANK ) 

* THERMAL STRATIFICATION 

: mSw^^yn^cvent sySSJ heat exchanger performance 

- ACTIVE MIXER HEAT EXCHANGER PERFORMANCE 

. PARAMETERS BEING VARIED 

- HEAT FLUX INTO THE TANK 0313 T0 1.89 W/M*2 <0.1 TO 0.6 BTIVHR-FT2) 

- ACCELERATION ENVIRONMENT (IE-06 TO 1.4E -04 G*8) 

- LIQUID RLL LEVEL ( 90%, 73% AND 50% ) 

- MIXER FLOWRATE 204 TO 24.9 KG/HR (46 TO 33 LB/HR) AND 408 TO 49.9 

- HEATR.UX OUT OF*THE TANK BY TVS HX 0022 TO 0.043 KG/HR (0.03 TO 0.1 

- HEATWLUX OUT OF THE TANK BY MIXER HX 073 T0 1.46 KG/HR (1.8 TO 3.2 

LB/HR) 

• KEY MEASUREMENTS REQUIRED 

- TANK TEMPERATURE PROFILE BOTH WALL AND BULK FLUID 
. TANK PRESSURE CHANGE BOTH INCREASE AND DECREASE 

- ACCELERATION ENVIRONMENT 

- UQUID/VAPOR INTERFACE POSITION 

- OUTFLOW RATES FOR TVS AND MIXER HEAT EXCHANGERS 


The tank pressure control experiment is comprised of the following individual tests: 

1 1 *1 7 I rtw Gravity Tank Pressure Contr ol - Active and Passive - Near Eull 
Test #1: Prelaunch and Ascent 

Test #2: Supply Tank Thermal Stratification - Low Heat 0.315 W/m 2 (0. lBtu/hr-ft 2 ) 

Test #3: Supply Tank Axial Jet Low Flow Mixing - Low Heat 0.315 W/m 2 (0. lBtu/hr-ft 2 ) 
Test #4: Supply Tank TVS Operation - Low Heat 0.315 W/m 2 (0.1 Btu/hr-ft 2 ) 

Test #5: Supply Tank Axial Jet Low Flow Mixing & CHX Operation - 

Low Heat 0.315 W/m 2 (0. lBtu/hr-ft 2 ) 

Test #6: Supply Tank Axial Jet High Flow Mixing & CHX Operation - 

Low Heat 0.3 15. W/m 2 (0. 1 Btu/hr-ft 2 ) 

Test #7: Supply Tank Radial Spray High Flow Mixing & CHX Operation - 
Low Heat 0.315 W/m 2 (0.1Btu/hr-ft 2 ) 

Test #8: Supply Tank Thermal Stratification - Medium Heat 0.95 W/m 2 (0.3 Btu/hr-ft 2 ) 

Test #9: Supply Tank Axial Jet Low Flow Mixing - Medium Heat 0.95 W/m 2 (0.3 Btu/hr-ft 2 ) 
Test #10: Supply Tank Axial Jet Low Bow Mixing &. CHX Operation - 

Medium Heat 0.95 W/m 2 (0.3 Btu/hr-ft 2 ) 

Test #1 1 : Supply Tank Axial Jet High Bow Mixing & CHX Operation - 
Medium Heat 0.95 W/m 2 (0.3 Btu/hr-ft 2 ) 


Test #12: Supply Tank Radial Spray High Bow Mixing & CHX Operation - 
Medium Heat 0.95 W/m 2 (0.3 Btu/hr-ft 2 ) 

Test #13: Supply Tank Thermal Stratification - High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 ) 
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Test #14: Supply T ank Axial Jet High Flow Mixing - High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 ) 
Test #15: Supply Tank Axial Jet Low Flow Mixing & CHX Operation - 
High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 ) 

Test #16: Supply Tank Axial Jet High Row Mixing & CHX Operation - 

High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 ) 

Test #17: Supply Tank Radial Spray High Row Mixing & CHX Operation - 
High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 ) 

1.1&1.2 Low Gravity Tank Pressure Control - Active and Passive - 75% Full 

Test #1 8: Supply Tank Thermal Stratification - High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 ) 

Test #19: Supply Tank Axial Jet Low Row Mixing - High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 ) 
Test #20: Supply Tank Radial Spray High Row Mixing - High Heat 1.9 W/m 2 (0.6 Btu/hr- 

Test #21: Supply Tank TVS Operation - Low Heat 0.315 W/m 2 (0.1 Btu/hr-ft 2 ) 

Test #22: Supply Tank Axial Jet Low Row Mixing & CHX Operation - Low Heat 
0.315 W/m 2 (0.1 Btu/hr-ft 2 ) 

Test #23: Supply Tank Axial Jet High Row Mixing & CHX Operation - Low Heat 
0.315 W/m 2 (0.1Btu/hr-ft 2 ) 

Test #24: Supply Tank Radial Spray High Row Mixing & CHX Operation -Low Heat 
0.315 W/m 2 (0.1 Btu/hr-ft 2 ) 

1. 1&1.2 Low Gravity Tank Pressure Cont rol - Active and Passive - 5 Q% Full 

Test #25: Supply Tank Thermal Stratification - High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 ) 

Test #26: Supply Tank Axial Jet Low Row Mixing - High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 ) 
Test #27: Supply Tank Radial Spray High Row Mixing - High Heat 1.9 W/m 2 (0.6 Btu/hr- 
ft 2 ) 

Test #28: Supply Tank Thermal Stratification - High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 ) & 
Medium Thrust (1.0E-05) 

Test #29: Supply Tank Axial Jet Low Row Mixing - High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 ) & 
Medium Thrust (1.0E-05) 

Test #30: Supply Tank Thermal Stratification - High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 )& High 
Thrust (4.7E-05) 

Test #31: Supply Tank Axial Jet Low Row Mixing - High Heat 1.9 W/m 2 (0.6 Btu/hr-ft 2 ) & 
High Thrust (4.7E-05) 

Test #32: Supply Tank TVS Operation - Low Heat 0.315 W/m 2 (0.1 Btu/hr-ft 2 ) 

Test #33: Supply Tank Axial Jet High Row Mixing & CHX Operation - Low Heat 
0.315 W/m 2 (0.1 Btu/hr-ft 2 ) 

Test #34: Supply Tank TVS Operation - Low Heat 0.315 W/m 2 (0.1 Btu/hr-ft 2 ) & Medium 
Thrust (1.0E-05) 

Test #35: Supply Tank Axial Jet High Row Mixing & CHX Operation - Low Heat 
0.315 W/m 2 (0.1 Btu/hr-ft 2 ) & Medium Thrust (1.0E-05) 

Test #36: Supply Tank TVS Operation - Low Heat 0.315 W/m 2 (0. lBtu/hr-ft 2 ) & High Thrust 
(4.7E-05) 

Test #37: Supply Tank Axial Jet High Row Mixing & CHX Operation - Low Heat 
0.315 W/m 2 (0. lBtu/hr-ft 2 ) & High Thrust (4.7E-05) 
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1-1&1.2 Low Gravity Tank Pr essure Control - Active and Passive - Other Supply and 
Receiver Tank Operating Conditions 

Test #38: Supply Tank Nominal TVS Operation Without Mixing 

Test #39: Supply Tank Nominal TVS Operation With Mixing 

Test #40: Supply Tank No minal TVS Operation for Pressure Decrease With Mixing 

Test #41 : Supply Tank Maximum TVS Operation for Pressure Decrease With Mixing 

Test #42: Supply Tank Compact Heat Exchanger (CHX) Operation With One Mixer 

Test #43: Supply Tank Compact Heat Exchanger (CHX) Operation With Two Mixers 

Test #44: Receiver Tank 1 Nominal TVS Operation 

Test #45: Receiver Tank 1 Maximum TVS Operation 

Test #46: Receiver Tank 2 Nominal TVS Operation 

Test #47: Receiver Tank 2 Maximum TVS Operation 

Test #48: Supply Tank Thermal Stratification ( Near Empty) - Medium Heat 0.95 W/m 2 
(0.3 Btu/hr-ft 2 ) 

Test #49: Supply Tank Empty Tank TVS Operation (LAD Residuals Only) 

Test #50: Receiver Tank 1 Empty Tank TVS Operation (LAD Residuals Only) 

Test #51: Receiver Tank 1 Wann-up Evaluation 
Test #52: Receiver Tank 2 Warm-up Evaluation 
Test #53: Supply Tank Wann-up Evaluation 


Tank Chilldown (Experiment Series 1.3) - Table 3.2-4 provides the top level requirements for the tank 
chilldown experiments. Tank chilldown is a precursor to the filling of a depleted subcritical cryogenic 
system in the space environment. Proper tank chilldown is essential to the efficient filling of tankage 
to high fill levels. The process of removing energy from the system involves optimizing the heat 
transfer between the chilldown fluid ( both liquid and vapor ) and the tank wall and other associated 
intemal/extemal plumbing, hardware and structure. Optimization of the process ( limiting the fluid 
used while maximizin g the heat transfer ) is an important test requirement. In some instances, it may be 
desirable to limit the time for the chilldown process, which will presumably use more fluid for 
chilldown since efficiency will be less. The amount of chilldown LH2 will be determined for various 
chilldown scenarios, as well as the time required to achieve the desired predetermined target 
temperature. 

So that the effects of influences which contribute to receiver tank chilldown can be investigated, the 
parameters listed in Table 3.2-4 will be varied, primarily for receiver tank 2 where the majority of the 
chilldown testing will be concentrated. Four tests are currently baselined for receiver tank 1, whereas 
ten tests have been allocated for receiver tank 2. The initial tank wall temperatures will be varied due to 
the varying warm-up period durations between tests and with the use of tank wall-mounted heaters. 

Key measurements required to provide data necessary to the understanding of the processes being 
investigated, as well as verification of analytical tank chilldown predictions are also defined in Table 
3.2-4. Pressures are crucial for accurate determination of venting stages that offer additional wall 
cooling and separate the charge-hold-vent cycle until the target temperature is attained. 

The tank chilldown experiment is comprised of the following individual tests: 
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1.3 Tank Chilldown in Low-G 

Test #1: Receiver Tank 2 Chilldown Using the Tangential Spray Only with Nominal Flow 
Test #2: Receiver Tank 1 Chilldown Using the Circumferential Spray Only with Nominal Flow 
Test #3: Receiver Tank 2 Chilldown Using the Radial Spray Only with Nominal Row 
Test #4: Receiver Tank 2 Chilldown Using the Radial Spray Only with Maximum Row 
Test #5: Receiver Tank 2 Chilldown Using Nominal Tangential Spray Row and Nominal 
Radial Spray Row (Simultaneous Spray Operation ) 

Test #6: Receiver Tank 2 Chilldown Using Row Into the Inlet/Outlet Baffle 
Spray Row (Radial/Tangential Sequencing of the Sprays ) 

Test #7: Receiver Tank 2 Chilldown Using Nominal Tangential Row and Nominal Axial 
Spray Row (Simultaneous Spray Operation ) 

Test #8: Receiver Tank 1 Chilldown Using Nominal Circumferential Spray Row and Nominal 
Axial Spray Row (Simultaneous Spray Operation ) 

Test #9: Receiver Tank 2 Chilldown Using Tank Wall Heat Exchanger 
Test #10: Receiv flank 2 Chilldown Using the Radial Spray Only with Nominal Row 
and High Acceleration (4.7E -05) 

Test #11: Receiver Tank 1 Chilldown Using the LAD 

Test #12: Receiver Tank 2 Chilldown Using the Axial Spray Only with Nominal Row 
Test #13: Receiver Tank 1 Chilldown Using the Axial Spray Only with Nominal Row 
Test #14: Receiver Tank 2 Warm-up Using Tank Heaters 


Table 3 2-4 Tank Chilldown Experiment Principal Requirements 


• OBJECTIVE • INVESTIGATE THE TANK CHILLDOWN PROCESS ASSOCIATED WITH 
REMOVING HEAT PROM THE TANK SYSTEM BY HEAT TRANSFER BETWEEN THE 
CHLLDOWN FUIIO < BOTH UOUID AND VAPOR ) AND THE TANK BULK MASS. 

THE PROCESS WILL BE CHARACTERIZED FOR FLUID UTILIZATION/EFFICIENCY. 

• PARAMETERS BEING VARIED 

- TANK MASS TO VOLUME RATIOS ( BECAUSE 2 TANKS ARE BEING TESTED ) 

. SELECTION OF SPRAY SYSTEM BEING USED 

• CHARGE MASS QUANTITY AND FLOW RATE 

• VAPOR HOLD TIME AND VENTING TECHNIQUE ( VENT CYCLES A TVS VENTING ) 

- INITIAL STARTING TEMPERATURE OF THE TANK SYSTEM 

• ACCELERATION ENVIRONMENT 

- INLET FLUID THERMODYNAMIC CONDITIONS 


• KEY MEASUREMENTS REQUIRED 

• TANK TEMPERATURE PROFILE BOTH WALL AND FLUID 

• TANK PRESSURE CHANGE FOR CHARGE, HOLD , AND VENT CYCLES 

• MASS QUANTITY USED FOR EACH CHARGE CYCLE 

• FLOW RATE USED FOR EACH CHARGE CYCLE 

- TIME TAKEN FOR CHARGE, HOLD, AND VENT CYCLES 

• FLOWRATE FOR VENT CYCLES 

• ACCELERATION ENVIRONMENT 


Tank No- Vent Fill (Experiment Series 1.4) - Table 3.2-5 provides the top level requirements for tank 
no- vent fill and refill experiments. Filling of a cold empty or partially full cryogen tank in low-g poses 
many challenges. The ability to fill or refill tankage to desired fill levels without early termination due 
to excessive vapor generation will be addressed in these tests. During the filling process vapor is 
generated by a combination of flashing to low pressure and cooling of the tank wall (from target 
temperature to LH2). Ullage vapor pressure is controlled during the fill process by promoting 
condensation due to fluid mixing. A variety of spray nozzles will be used to investigate the filling 
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Table 32-5 Tank No-Vent Fill and Refill Experiment Principal Requirements 


. OBJECTIVE . INVESTIGATE THE TANK NO-VENTFIU. ANO REra^PWOCEM FOR 

TANKS OF TWO OMFERENT SIZES AND GEOMBTIBES ASSOCIATED WITH 

EVALUATO^^ IEVEL THAT CAN BB REACHED FOR VAISOUS FLUID 

MJCCTION ANO MOONQ CONOfTIONS 


• TANK UD RATIOS ( BECAUSE 2 TANKS ARB BEMO TESTED) 

• SELECTION OF SPRAY SYSTEMS BEMQ USED 

- FLOW RATE OF MCOMMQ FLU® TO RAOUL A AXIAL SPRAY 

• INLET FLUE) THBRMOOYHAINC CONOfTIONS 

• ACCELERATION ENVWONMEMT 
.BSTIALHLL CONDITIONS OF THE TANK 

• KEY MEASUREMENTS REQUIRED 

- TANK TEMPERATURE PROFILE BOTH WALL ANO FLUID 

- TANK PRESSURE CHANGE WITH TIMS 

• INCOMING FLUIO FL OWRA TE 

• TOTAL MASS TRANSFERRED 

• UQUSWAPOR INTERFACE POSITION 

• ACCELERATION ENWRONMENT 


process which includes optimization of the condensation of vapor at the end of the process in order to 
inayimi7g the fill level. 

So that the effects of influences that contribute to the filling process can be investigated, the parameters 
listed in Table 3.2-5 will be varied for the two receiver tanks being tested. In addition to varying the 
listed parameters in the individual tests, a staged-fill process will be investigated by performing 
int ermedia”* fluid mixing steps during staged-filling operations in an independent test. 

Key measurements required to provide data necessary to the understanding of the process being 
investigated are also listed in Table 3.2-5. These data will be required to aid in the understanding of 
the fluid, thermodynamic and thermal processes occurring, as well as being used for verification or 
anal ytical model tank no- vent fill predictions. 

The tank no-vent fill/refill experiment is comprised of the following individual tests: 

1 4 Low Gravity No- Vent Fill a nd Refill of Tanks 

Test #1 : Receiver Tank 2 Fill Using Tangential and Then Nominal Flow Radial Spray 
Test #2: Receiver Tank 1 Fill Using Simultaneous Circumferential and Nominal Flow Axial 
Spray 

Test #3: Receiver Tank 2 Fill Using Tangential and Then Nominal Flow Axial Spray 
Test #4: Receiver Tank 1 Nominal Flow Fill Using Axial Spray - Medium Acceleration 
to Setde Towards Vent 

Test #5: Receiver Tank 1 High Flow Fill Using Axial Spray 
Test #6: Receiver Tank 2 Nominal Flow Fill Via Tank Baffled Inlet/Outlet 
Test #7: Receiver Tank 2 Fill Using Tangential and Then High Flow Radial Spray 
Test #8: Receiver Tank 1 Fill Via Tank Inlet/Outlet LAD 
Test #9: Receiver Tank 2 Fill Using Tangential and Then High Flow Axial Spray 
Test #10: Receiver Tank 1 Fill Using Simultaneous High Flow Circumferential and Axial 
Spray 

Test #1 1: Receiver Tank 2 Fill Using Simultaneous Tangential and Nominal Radial Spray 

Test #12: Receiver Tank 1 70% Topoff Using High How Axial Spray 

Test #13: Receiver Tank 2 30% Topoff Using Nominal How Radial Spray 

Test #14: Supply Tank Topoff Via Radial Spray System 

Test #15: Supply Tank Topoff Via Radial Spray System - High Acceleranon 
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(4.7E-05 or 1.4E-04) 

Test #16: Supply Tank Topoff Via LAD/Outlet with Mixer On 
Test #17 : Supply Tank Topoff Via LAD/Outlet with Mixer Off 
Test #18: Supply Tank Topoff Via LAD/Outlet with Mixer On - High Acceleration 
(4.7E-05 or 1.4E-04) 

Test #19: Supply Tank Topoff Via LAD/Outlet with Mixer Off - High Acceleration 
(4.7E-05 or 1.4E-04) 

Test #20: Supply Tank Topoff Via Axial Spray System 
Test #21: Supply Tank Topoff Via Axial Spray System - High Acceleration 
(4.7E-05 or 1.4E-04) 

Test #22: Receiver Tank 2 Ullage Exchange - One Mixer Pump Circulation 
Test #23: Receiver Tank 2 Ullage Exchange - Two Mixer Pump Circulation 
Test #24: Receiver Tank 1 Ullage Exchange - Two Mixer Pump Circulation with 
Medium Acceleration (4.7E-05) Settling to the Outlet End 
Test #25: Receiver Tank 1 Fill Using Nominal Row Axial Spray 
Test #26: Receiver Tank 2 Interrupted Fill Via Tank Baffled Inlct/Outlet 


LAD Fill/Refill (Experiment Series 1.51 - Table 3.2-6 provides the top level requirements for the total 
communication LAD fill/refill experiments. As part of the receiver tank 1 filling process, the ability to 
completely fill a LAD that is chilled down to the target temperature will be evaluated. As the LAD 
filling process proceeds, the device will generate vapor until the LH2 temperature is reached. Some of 
this vapor may become entrained in the device after liquid starts to accumulate and remain after filling 
is complete. During refill tests of receiver tank 1 the capability of the LAD to remain full will be 
assessed. Similar assessments will be made when receiver tank liquid is back-transferred to the supply 
tank. 

By performing a short outflow of the LAD after the transfer is complete, the expulsion of vapor- free 
liquid will be verified. If vapor is detected (using transfer line flow meter output), methods of bubble 
collapse will be used by either cooling the LAD fluid with TVS fluid (so that vapor condensation is 
promoted) or by increasing the tank pressure with GH2 (which is a secondary method only to be used 
if TVS cooling fails). Table 3.2-1 identifies a need for a fluid quality (or two-phase) flow meter. This 
flow meter will be used to detect vapor that may have been ingested into the LAD during the brief 
outflow period. The LAD thermodynamic conditions such as the pressure in the tank and the 
temperature of the fluid in the LAD will be measured to determine fluid thermodynamic states at which 
vapor-free outflow can be obtained. 


Table 32-6 Total Communication LAD F illl Refill Experiment Principal Requirements 


* OBJECTIVE • DEMONSTRATE THE FILLING AND REFILLING 
CHARACTERISTICS OF UOUID ACQUISITION DEVICES IN LOW-G 
TO VERIFY CAPABILITIES FOR VAPOR FREE OUTFLOW 

• PARAMETERS BEING VARIED 

- IMTTALLY EMPTY VS FULL LAD CHANNELS 

• FILLING INTERNAL VS EXTERNAL 

• ACCELERATION ENVIRONMENT 


• KEY MEASUREMENTS REQUIRED 

• TRANSFER LINE FLOWMETER QUALITY DISTINCTION 

• TRANSFER LINE TEMPERATURES 

• ACCELERATION ENVIRONMENT 
- LAO TEMPERATURES 

. TANK PRESSURE LEVEL 
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The LAD fill/refill experiment is comprised of the following individual tests: 

1 s TWfli rnrnmimica r inn Camiiarv Linnid Acquisition Dcvicg Fi il /Rrfill Chanctm z att an 

Test#l: Receiver Tank 1 LAD Empty Fill 
Test #2: Receiver Tank 1 LAD Refill 
Test #3: Supply Tank 1 LAD Refill 

The following Class I experiment requirements (ERD 1.6 and 1.7) have been deleted from the current 
COLD-SAT Experiment Set by customer direction. They are provided for information on the type of 
experiments that were originally contemplated. 

l ifluM Vtox figgi ng gammon Series 1.61 - The mass gaging experiment was comprised of the 
following individual tests prior to the deletion of this experiment requirement. 

1 ti T .itiuid Mass Gaging in Low-G 

Test #1: Supply mass gaging during steady-state nominal storage operations 

Test #2: Performance when fluid stratification is present 
Test #3: Performance when fluid is well mixed 

Test #4: With settling accelerations tending to posiuon fluid to known locations 
Test #5: During and after tank inflow/outflow 

Table 3.2-7 provides the top level requirements for the liquid mass gaging experiment. Parameters 
which influence mass gaging would be varied parametrically to attempt to quantify their effects on the 
process. Performance and accuracy of the mass gage output would be assessed against a known 
condition (where fluid is not being removed or added to the tank) for vanous orientations of to fluid 
contents. Predicted mass in the supply tank would be measured using the mass gage and compared 
with flow meter readings and settled liquid level measurements. 

Table 32-7 Mass Gaging Experiment Principal Requirements 


• OBJECTIVE • ASSESS THE PERFORMANCE OP A MASS GAQE TO ACCURATELY 
DETERMINE SUPPLY TANK LIQUID QUANTITY FOR DIFFERBITTANK CONDITIONS 

. PARAMETERS BEING VARIED 

- TANK FLUID THERMAL CONDITIONS ( STRATIFIED OR MIXED ) 

. TANK PRESSURE CONDITIONS _ ,, 

- ACCELERATION ENVIRONMENT CAUSING SETTLED LIQUID POSITION 
. TANK FILL LEVEL CAUSED BY OUTFLOW/INFLOW 

• KEY MEASUREMENTS REQUIRED 

. MASS GAGE READING 

• INTEGRATED OVERBOARD FLOW DETERMINATION 
. MASS IN OTHER TANKS DETERMINATION 

- UOUIO/VAPOR INTERFACE POSITION 
.TANK PRESSURE 

. TANK FLUIO TEMPERATURES 


Liquid Dynamics and Slos h Control (Experiment Scries 1,7} - The liquid dynamics and .slosh control 
ex^rirant w^ of the following individual tests pnor to the deletion of this experiment 

requirement: 


1.7 Liquid Dynamics an d Slosh Control 
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Test #1: Supply Tank Slosh Investigation 

a. 75-80% FuU - Receiver Tank 2 90% Full 

b. 62% Full - No Liquid in Receiver Tanks 

c. 50% Full - Receiver Tank 1 90% Full 

d. 25% Full - Receiver Tank 1 90% Full 

e. 25% Full - No Liquid in Receiver Tanks 

Test #2: Receiver Tank 1 Slosh Investigation 

a. Nearly Full - Supply Tank 50% Full 

b. Nearly Full - Supply Tank 25% Full 

c. 80% Full - No Liquid in Other Tanks 

d. 50% Full - No Liquid in Other Tanks 

Test #3: Receiver Tank 2 Slosh Investigation 

a. Nearly Full Tank - Supply Tank 80% Full 

b. 75% Full - No Liquid in Other Tanks 

c. 50% Full - No Liquid in Other Tanks 

Table 3.2-8 provides the top level requirements for the liquid dynamics and slosh control experiments. 
The ambient, low-gravity, on-orbit environment will influence the static orientation of the liquid, and 
accelerations produced by satellite operations and specifically produced maneuvers would cause liquid 
motion. The effect of the applied environments on the liquid motion, including such variables as tank 
size and shape, tank fill fraction, and presence of slosh baffling would be investigated. The forces on 
the tank wall resulting from the liquid motion, although small [less than 4.45 N (1 Ibf) for the 
maximum acceleration condition possible] have an influence that must be accounted for in maneuvering 
of the spacecraft 


Table 32S Liquid. Dynamics and Slosh Control Experiment Principal Requirements 


• OBJECTIVE • (DETERMINE THE LIQUID MOTION RESULTING FROM SPECIFICALLY 
PRODUCED ACCELERATION ENVIRONMENTS 


• PARAMETERS BEING VARIED 

• ACCELERATION LEVELS ANO DIRECTION 

- TIME ACCELERATION IS APPLIED 

- UOUIO LEVEL IN THE TANK 

• FILL CONOTTIONS IN OTHER TANKS 

• TANK GEOMETRY ( THREE TANKS WILL BE TESTED WITH LH2 ) 

• KEY MEASUREMENTS REQUIRED 

- TANK UOUIO QUANTITY 

. UOIUO/VAPOR INTERFACE POSITION 

• ACCELERATION ENVIRONMENT 


The approach for slosh testing (which is our independent recommendation ) is to produce a wide range 
of slosh conditions using the hydrogen stored in each of the experiment tanks at various phases of the 
mission. The near zero-g environment on-orbit provides the conditions for performing these tests. 
The satellite propulsion system would be used to provide the needed disturbances, such as 
translations, rotations, and impulses, to cause fluid motion. Following the disturbance, the satellite 
would return to near zero-g and the response of the liquid and satellite would be monitored. 
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322 dm n - A discussion of the Class n experiment requirements as they apply to 

each of die individual ERD experiments is presented in the following paragraphs. 

T.nir Thermal Series 2.1 . 2.2 an d 2^. - Thermal performance is measured 

during the operation of the re m ai nin g tests. 


T an if Pressurization r Pmeriment Series 2,4t - Efficient tank pressurization of on-orbit cryogenic 

dSSSt m ^ SSSbOSf of the pressurant gas Srion ro'di^bu'lk^uid 

maintain pressure while maximizin g stratification and m i mmi a n g heat addition to the bulk fluid. 

Control of tank pressure in low-g will be evaluated using the GH2 jrcssurtzation system for each 
the cryogenic tanks which comprise the experiment subsystem configuration. GHe will be used to 
S^sSSSe ^vct ranks onlVTests will be performed to evaluate the pressurization process for 
S^fse^f ^Lri^nkagc for Uquid outK and transfer. The performance of hydrogen and 

helium pressurization will be assessed. 

The supply tank will be pressurized to 68.9 kPa (10 psid) overpressure for pressurized transfers 
S% Smd SS kPa (2 psid) for pumped transfers (75%). In turn, the receiver tanks will be 
messurized to a 68 9 kPa (10 psid) overpressure condition for back-transfers to the supply Of 
^se^S-Snsfers, 50% will each bepSbnned with GH2 and GHe pressurant GHe pressmant 
will not be used in the supply tank in order to avoid contamination with the condensible. Most of the 
GHe receiver tank back-transfers will be conducted towards the end of the mission for similar reasons. 
The parameters being varied in the pressurization experiment are listed m Table 5.2-v. 

Table 32-9 Tank Pressurization Experiment Principal Requirements 


. nuicnw . EVALUATE THE PRESSURIZATION PROCESS WHEREBY INSURANT 
IS INTRODUCED INTO CRYOGENIC TANKAGE TO PROVIDE THE FORCE (AND 
SUSCOOUNG EFFECT) FOR TANK OUTFLOW 

. PARAMETERS BEING VARIED 

-USE OF EITHER GHE OR GHE 

. amount OP OVER PRESSURE CONOmON PROM TANK LH2 

fjANK PRESSURE BLOWDOWN VERSUS MAINTAINING TANK PRESSURE 
OURIIM TANK OUTFLOW 

. KEY MEASUREMENTS REQUIRED 

. TANK PRESSURE CHANGE WITH TIME 
. FLOWRATE OP REGULATED PRESSURANT 
. TEMPERATURE OP THE ENTERING PRESSURANT 
. TEMPERATURE OP THE TANK ULLAGE 
. POSITION OF THE TANK ULLAGE 
. RATE OF CHANGE OF TANK UQUID VOLUME 
• TRANSFER LINE FLOW RATI 


The GH2 and GHe pressurization subsystem is conservatively sized so ^that there will be adequate 
gaseous pressurant available on-orbit to provide pressurant for the entire COLD-SAT mission. Many 
ofAek^measurements required will be used for on-orbit system momtonng, control, and pressurant 
quantity use c a lculatio ns. The others will be used for correlating with analytical models *or purposes 
of predicting pressurant performance and use. 

The rank pressurization experiment is comprised of the following individual tests: 

14 Tank Pres s urization with Gaseous Hydrogen and GaSWUS Helium 


Test #1: Pressurize Supply Tank with GH2 
Test #2: Pressurize Receiver Tank 1 with GH2 
Test #3: Pressurize Receiver Tank 2 with GH2 
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Test #4: Pressurize Receiver Tank 1 with GHe 
Test #5: Pressurize Receiver Tank 2 with GHe 


Liquid Settling Direct Liquid Outflow (Expe riment Series 2.5a) - Table 3.2-10 shows the top level 
requirements for this experiment. Receiver tank 2 (which does not have a LAD) expulsion using low- 
g acceleration to settle and orient the liquid while it is drained will be assessed. Settling characteristics, 
quality of required vapor-free liquid expelled and liquid residuals resulting when vapor carryover 
predominates will form a part of the test objectives. Receiver tank 2 is configured with a simple plate 
baffle at the outlet to prevent suction dip and intrusion of vapor into the outflow stream until the tank is 
depleted. Tank residuals may be on the order of 5%. 


Table 32-10 Liquid Settling Direct Liquid Outflow Experiment Principal Requirements 


• OBJECTIVE - INVESTIGATE TANK EXPULSION USING A LOW-G ACCELERATION 
TO SETTLE AND ORIENT THE LIQUID AS IT IS DRAINED 

• PARAMETERS BEING VARIED 


• MAGNTTUDE OF INTT1AL SETTLING ACCELERATION 

• MAGNTTUDE OF ACCELERATION MAINTAINED DURING OUTFLOW 

• OUTFLOW RATE BEING MAINTAINED DURING EXPULSION 

• KEY MEASUREMENTS REQUIRED 

• ACCELERATION ENVIRONMENT 

- UQUIOWAPOR INTERFACE POSITION 

• TRANSFER LINE FLOWRATE 


The parameters being varied include the settling acceleration, acceleration being maintained during 
outflow, and the outflow rate during which vapor-free liquid is obtained during the expulsion. It is 
intended to make liquid/vapor position measurements so that the liquid/vapor interface may be 
determined and characterized with respect to the quality of the expelled liquid. In addition, expulsion 
flow rates will be noted at which times vapor is identified in the outflowing liquid. 

The liquid settling direct liquid outflow experiment is comprised of the following individual tests: 

2.5a Low-G Dire ct Liquid Outflow with Liquid Settling 

Test #1: Receiver Tank 2 Outflow with Settling Via Baffled Outlet Using High Acceleration 
( 1.4E-04) Initial Settling Maintained During Outflow 
Test #2: Receiver Tank 2 Outflow with Settling Via Baffled Outlet High Acceleration ( 1 .4E-04) 
Initial Settling Reduced to Medium Acceleration (4.7E-05) During Outflow 
Test #3: Receiver Tank 2 Outflow with Settling Via Baffled Outlet 

Intermediate Acceleration ( 4.7E-05) Initial Settling Maintained During Outflow 


Liquid Settling Vente d Fill (Experiment Series 2.5b) - Table 3.2.1 1 provides the top level requirements 
for tank vented fill experiments under settled conditions. Filling of a cold-empty or refill of a parriaily- 
full cryogenic tank in low-g poses many challenges. Techniques which use liquid settling combined 
with vapor venting will be assessed. The fill is accomplished under a settling acceleration to 
accumulate liquid at the inlet end and vapor at the vent end. This separation attempts to preferentially 
orient vapor so that it can be vented to control the tank pressure during the filling process while 
minimizing liquid carryover exiting through the vent 
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Table 32-11 Liquid Settling Vented Fill Experiment Principal Requirements 


. OBJECTIVE- INVEST »A I It in* vwiieuriu. 

SCTTUNQ FOR FEJJNQ AH EMPTY TANK AS WELL AS FOB TANK TOP-OFF 

. PARAMETERS MM VARMD 


• MAOMTUM Of SCTTUNQ AQ&OUSON 

• RATS AT WHICH VAPOR ■ VCNTCO 

. Mil AT WHICH UQUB » M1R00UCCD MTO THE TANK 


• ACdLERATlOH ENVBIONMCNT 

. UQUUWAPOR INTERFACE POSITION 

• TRANSFER UNI FLOWRATE 

. TANK VENT UNI TEMPERATURE 
. TANK VENT UNI UOUE> SENSOR 
. VMT I INK PLOW RATE 


A couple of different options have been identified with which to perform the vented fill process. The 
first would be to vent during the fill with the intent of venting vapor only. Since flight weight tanks 
are d es ign**^ for low pressure operation, it would be important to balance the inflow rate and the vent 
rate in order to optimize the process and control the thermodynamics involved in vapor generation as 
the process is being accomplished. A problem inherent with this method is the likelihoodof venting 
liquid at the same time due to the fill dynamics when liquid is flowing into the tank. The second 
approach considers intermittent fill and venting steps accompanied by settling maneuvers to insure 
vapor venting only. This could be accomplished by venting when the tank pressure level reaches a 

critical value. 

The parameters being varied in the experiment and the key measurements required are also listed in 
Table 3.2-1 1. Using the various techniques described and the tank and fluid conditions specified, the 
ability to fill the receiver tanks to acceptable levels without loosing excessive liquid overboard through 
the open vent will be addressed in this scries of tests. 

The liquid settling vented fill experiment is comprised of the following individual tests: 

?. 5h Lflg=G Vented F ill with Liquid Settling 

Test #1: Receiver Tank 1 Vented Fill Using High Settling Acceleration (1.4E-04 ) 

Test #2: Receiver Tank 1 Vented Fill Using Medium Settling Acceleration (4.7E-05) 

Test #3: Receiver Tank 2 Vented Fill Using High Settling Acceleration (1.4E-04) 

Test #4: Receiver Tank 2 Vented Fill Using Medium Settling Acceleration (4.7E-05) 

Test #5: Receiver Tank 2 Vented Fill Using CHX Subcooling 

Test #6: Receiver Tank 1 50% Full Topoff Using High Settling Accelerauon (1.4E-04) 


T.inuid Settling Vapor Venting (Experiment Series 2.5c) - Table 3.2-12 shows the top level 
requirements for the tank vapor venting experiment under settled liquid conditions. Controlling 
cryogenic tank pressure on-orbit using vapor venting is a process that will be assessed by this senes or 
S ettlin g accelerations are required to attempt to orient the liquid to the outlet end while collecting 
the vapor at the vent end. Opening the tank vent will allow some of the contents to be vented with a 
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goal to m i nimiz e the amount of liquid lost overboard. The process of reducing the tank pressure is 
complicated by the thermodynamics of the tank fluid at or close to the saturated condition of the liquid. 


Table 3 2-12 Liquid Settling Vapor Venting Experiment Principal Requirements 


• OBJECTIVE - INVESTIGATE THE CAPABILITY TO REDUCE TANK 
PRESSURE BY VENTING VAPOR USING LIQUID SETTLING 

• PARAMETERS BEING VARIED 

• THERMODYNAMIC CONDITION OF THE ULLAGE 

• VENTING GH3 OR GH« 

•TANK GEOMETRY 

• RATE OF ULLAGE VENTING 

• KEY MEASUREMENTS REQUIRED 


• ACCELERATION ENVIRONMENT 

• TANK PRESSURE 

• ULLAGE TEMPERATURE 

• UOUID/VAPOR INTERFACE POSITION 

• TANK VENT LINE TEMPERATURE 

• TANK VENT UNE UQUID SENSOR 

• VENT LINE FLOW RATE 


A possible implication is the reduced pressure when venting that could possibly cause bulk boiling in 
the tank with the possibility of subsequent loss of liquid out the vent. The reduced pressure which 
promotes boiling of the liquid will cause turbulence at the liquid/vapor interface and generation of 
additional vapor to be vented. These are all undesirable conditions for optimal vapor venting process 
performance, and an attempt will be made to understand and reduce their effects on the process. 

The thermodynamic conditions of the tank bulk fluid and ullage (pressure and temperatures) will be 
measured to characterize the venting process in terms of the quality of vented fluid for the conditions 
being varied. Vent line flow rates and fluid quality sensors will be used to make measurements for 
controlling the vent flow during the experiments. The parameters being varied and the kev 
measurements for monitoring and process characterization are listed in Table 3.2- 12. 

The liquid settling venting experiment is comprised of the following individual tests: 

2,5c Low-G Venting with Liquid Settling 

Test #1: Receiver Tank 1 Superheated GH2 Ullage Venting 
Test #2: Receiver Tank 2 Superheated GH2 Ullage Venting 
Test #3: Supply Tank Superheated GH2 Ullage Venting 


LAD Performance (Experiment Senes 2.6) - Table 3.2-13 provides the top level requirements for the 
LAD performance experiments. The supply tank and receiver tank 1 both contain total communication 
liquid acquisition devices which will be used to provide for vapor-free outflow from the tanks to 
support various experiment set objectives. This series of tests will characterize the performance of 
these devices over a wide range of nominal and off-nominal operational conditions in order to verify 
vapor-free operation, as well as acceptable expulsion efficiency where screen breakdown occurs ( less 
than 1% of the tank volume preferably). 
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Table 32-13 LAD Performance Experiment Principal Requirements 



The narameters being varied include examination of two different LAD designs, one m the COLD-SAT 

SHsSr 

understanding include accelerarion, fluid pressure and temperature states, LAD 

transfer line fluid flow and quality measurements. These measurements will allow for determining 

SSmS wtoh liquid can be expelled for given LAD design configuianons. 

Hie LAD performance experiment is comprised of the following individual tests: 




Test#T Supply Tank LAD Outflow Under Nominal Low-g Conditions 

Test #2: Su^ly Tank LAD Outflow With Liquid Settling to the Vent ^ K7E-05) 

Test #3- Supply Tank LAD Outflow With Liquid Settling to the Outlet End (4.7E-05) 

Test #4- Re ce iver Tank 1 LAD Outflow Under Nominal Low-g Conditions 

Test #5- Receiver Tank 1 LAD Outflow With Liquid Settling to the Vent End (-4.7E-05) 

#6: r££v£ Tank 1 LAD Outflow With Liquid Settling to the Oudet End (4.7E-05) 

Test #7: Receiver Tank 1 LAD Expulsion 

£5 (1.4E-04) 

t rTitiiHown fExneriment Series 2.7^ - Tabic 3.2-14 provides the top level requirements 
line chil l S^expe^en t s Transfer line chilldown is a precursor to the 
filling/refilling of tankage on-orbit Proper line chilldown iscssennai to ihe ^^ent ffllingof taj^ge 
to hilh fill levels because thermally subcooled liquid is desired with which to fill a tank. The process 
of removing energy from the line involves optimizing the heat transfer between the ch^down fluid ( 
both liauid 8 and vapor ) and the line wall and other associated mtemal/external plumbing, hardware, 
sKrfso dm die efficiency of the chilldown fluid is utdtzed to the maxtmum. 
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Table 32-14 Transfer Line Chilldown Experiment Principal Requirements 


■ OBJECTIVE • INVESTIGATE THE TRANSFER UNE CHLLDOWN PROCESS 
ASSOCIATED WITH REMOVING HEAT FROM THE TRANSFER UNE SYSTEM BY 
HEAT TRANSFER BETWEEN THE CHLLDOWN FLUID ( BOTH UOUO AND VAPOR ) 
AND THE TRANSFER UNE BULK MASS. THE PROCESS WK.L BE CHARACTERIZED 
FOR FLUO UTILIZATION/EFFICIENCY. 

• PARAMETERS BEMG VAR ED 

• INITIAL STARTING TEMPERATURE OF THE TRANSFER UNE SYSTEM 

• CHLLDOWN FLUO THERMODYNAMIC CONDITIONS 


• KEY MEASUREMENTS REQUIRED 


- TRANSFER UNE TEMPERATURE PROFILE 
. PRESSURE AND FLUO TEMPERATURE OF TANK PROVIDING THE 
CHLLDOWN FLUID 
• TRANSFER LINE PRESSURES 


Transfer line chilldown will be investigated and demonstrated during this experiment. Optimization of 
the process (limiting the fluid used while maximizing the heat transfer ) is an issue which will be 
addressed. But, also important as a Class II objective, is to provide the initial conditions for the filling 
experiments. Chilldown from initially warm conditions to various degrees of initially cold conditions 
will be accomplished. 

The thermodynamic conditions of the chilldown fluid introduced into the lines will be varied as 
conditions permit and the initial thermal states of the transfer line hardware including valves, lines, etc. 
will be measured to the extent possible with the instrumentation employed. Temperature profiles in the 
transfer line systems will be measured as will the pressure responses. The parameters being varied 
and the key measurements are also listed in Table 3.2- 14. 

The transfer line chilldown experiment is comprised of the following individual tests: 

2.7 Transfer Line Chilldown in Low - G 

Test #1: Transfer Line Chilldown 

Test #2: Combined Transfer Line and Tank Chilldown 

Control of Liquid Thermodynamic State (Ex periment Series 2.8i - Table 3.2-15 shows the top level 
requirements for the control of liquid thermodynamic state experiments. This series of experiments 
addresses the control of liquid subcooling during outflow using techniques other than tank 
pressurization. The outlet of the supply tank is provided with a configuration that allows the fluid to 
pass through a compact heat exchanger (CHX) which provides 1.4 K (2.5 R) of liquid subcooling for 
a maximum recirculation flow of 50 kg/hr (110 lb/hr). A high boiloff rate [up to 1.45 kg/hr (3.2 
lb/hr)] is utilized to perform this function, however tank pressurization ( and associated energy input to 
the tank ) is not required. 

Some of the data taken from this experiment will be used to characterize the compact heat exchanger 
(CHX) performance since numerous warm and cold side heat exchanger temperature and pressure 
measurements will be taken and compared to the thermal performance achieved in the tank in terms of 
the fluid thermodynamic conditions. The use of the CHX is the quickest method for removing heat 
from the tank other than possibly venting down the pressure which imposes demanding propulsive 
requirements for liquid settling. The results of using the CHX for thermal subcooling of the liquid 
before liquid transfer will be compared to those obtained for thermodynamically-subcooled liquid 
(pressurization). 
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Table 32-15 Control of Liquid Thermodynamic State Experiment Principal Requirements 


TESTS. COMPARE RESULTS V«TO SUBCOOUNG 
PROVOED BY TANK PRESSURIZATION. 

. PARAMETERS BUM VARKD 

• SUBCOOLER COLO SOB FLUB FLOW RATS 
. SUBCOOLER WARM SOS FLUB FLOW RATE 

. KEY MEASUREMENTS REQUMD 

. SUBCOOLER WARM SOB TEMPERATURESAND PRESSURES 
. SUBCOOLER WARM SOB DELTA-PRESSURE 

- SUBCOOLER COLO SOB TEMPERATURES AND PRESSURES 

- SUBCOOLER WARM SOE FLUID FLOW RATE 

• SUBCOOLER COLO SOE FLOW RATE 

- SUPPLY TANK OUTFLOW FLUP TEMPERATURE 


The control of liquid thermodynamic state experiment is comprised of the following individual tests: 


2.8 Control of Liquid Th 




ir State During Outflow 


Test#l 
Test #2 


: Supply Tank Subcooled Outflow Compact Heat Exchanger (CHX) Low 
1: Supply Tank Subcooled Outflow Compact Heat Exchanger (CHX) High 


Flow 

Flow 


T n.,mnin«r fFxneriment Series 2.9) - In certain situations the contents of a cryogenic tank must 

the system. A final dumping of the remaining contents 

of receiver tankTat the end of the mission will be accomplished to determine the effectiveness of the 
dumping technique. Approximately 50% of the tank volume in liquid will be allocated for the dimping 
experiment in receiver tank 2. This tank does not contain a LAD and no settling accelerations will be 
prided to aid the process, thus a worst case condition will be examined using tank pressim^non for 
die expulsion driver. Table 3.2-16 provides the top level requirements for the liquid dumping 

experiment 

Liquid and vapor will be outflowed, with no regard to the quality of the expelled fluid. When the 
outflow rate and tank pressure have dropped to near zero, expulsion will be considered to ^ compjete^ 
Subsequent tank lock-up and monitoring of pressure and temperature and the TVS flowrate for 
venting will determine the amount of fluid remaining in the tank following the dump process. 

Table 32-16 Liquid Dumping Experiment Principal Requirements 


. OBJECTIVE - INVESTIGATE TOE PROCESS OF RAPIO TANK DUMPING 

. PARAMETERS BEBM VARIED 

. NONE (ONE TEST) 

. KEY MEASUREMENTS REQUIRED 

. TANK TEMPERATURE AND PRESSURE PROFILE 
• PRESSURANT QUANTITY USED 

- TIME TO ACCOMPLISH TOE DUMP 

- RESIDUALS LEFT IN THE TANK 


a fcancsd Instrumentation fnrCrvn in Low-G (F ^rin^m Series 2.10) - Advance! instrumentation 
far crj^enic usage has not been sufficiently developed as of this report. Sufficient capacity is 
reserved to incorporate sensors as they are developed. 
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3.3 Experiment Definition - The following paragraphs contain descriptions and a definition of the 
COLD-SAT experiments and the processes associated with each experiment by ERD. 

Tank Pressure Control fERD 1. 1 and 1.2) - The experiment processes to be studied in ERD 1.1 and 
1.2 include thermal stratification and pressure rise, mixing, passive pressure control, and active 
pressure control. A definition and description of the experimental configuration (hardware) related to 
the processes being examined is presented as well, with schematic representations. 

Stratification and Pressure Rise - The pressure in a cryogenic tank will rise if thermal energy is added 
to the tank. The rate of pressurization is influenced by the rate of heat addition, the fill level of the 
tank, and the degree of thermal stratification in the tank. Thermal stratification is important because a 
warm liquid layer adjacent to the ullage will impose its vapor pressure on the ullage, thereby raising the 
tank pressure above the value it would have if the tank contents were mixed. In the presence of an 
acceleration field, warm liquid will move to the surface while colder liquid will move to the bottom of 
the tank, resulting in thermal stratification along the acceleration axis. Acceleration level is a significant 
factor in the development of the thermal stratification because the buoyant movement of liquid is 
dependent on acceleration. In the absence of an acceleration field, however, thermal stratification can 
still develop due to thermal transients, non-uniform heating, or fluid transfer operations such as filling 
or venting. 

The expansion of the warming liquid (same mass, lower density) also affects stratification by 
performing work on the ullage, resulting in a pressure rise. Work on the ullage raises the ullage 
temperature due to compression which in mm increases the heat transfer rate at the liquid/vapor 
interface, thereby raising the temperature of the liquid near the surface. Localized heating of the ullage 
has the same effect on heat and mass transfer at the interface and on the pressure rise characteristics in 
response to this phenomenon. 

Acceleration level can influence direct ullage heating and the thermodynamics at the liquid/vapor 
interface by affecting the shape of the liquid/vapor interface. In a low-g environment, the meniscus of 
a wetting liquid may completely surround the ullage, thereby preventing direct heating of the ullage 
from the tank wall and heating only the liquid. The magnitude of the wall heating rate influences 
heating of the liquid and the pressure rise in the tank. Low-g values will cause small buoyancy effects 
in the liquid that will be gravity and tank geometry dependent. In this case, heat transfer in the. liquid 
could occur by liquid conduction if no gravity environment exists for buoyant thermal stratification. 
Buoyancy will be diminished in the extreme low-g case. The formation of the warm liquid layer 
adjacent to and possibly surrounding the ullage as a consequence of these low-g effects are some of the 
physical processes to be studied in the stratification and pressure rise experiments. 

Mixing - Mixing reduces the pressure in the tank by destratifying the fluid contents to a saturated two- 
phase condition. Mixing is accomplished by pumping liquid from the tank and injecting the liquid 
back into the tank with a jet nozzle. The effect of injecting the liquid into the tank is to impart motion 
to the bulk liquid which disperses the warm liquid layer. The liquid adjacent to the ullage is cooled as 
the liquid is mixed, causing condensation from the warmer ullage to the L/V interface and to the liquid. 
This process results in tank pressure decay. The process is complete when the tank contents reach a 
homogeneous saturated state. The tank pressure reaches a minimum value when the two-phase 
conditions are achieved. Further mixing does not cause any further reduction in pressure and may 
raise the tank pressure because energy, in the form of work, is added to the tank during mixing. The 
physical processes to be studied include the elimination of thermal stratification in the tank mixing 
experiments. 

Passive P ressure Control - The pressure in a cryogenic tank will rise if thermal energy is added to the 
tank and the tank is not vented. It is desirable to vent gas from a tank to minimize the mass of vented 
fluid. In an environment with a relatively large acceleration field, such as on the Earth’s surface or on 
a thrusting rocket, the position of the ullage is known and gas can be easily vented. In a low-g 
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environment, however, ihe position of the ullage may not be known airi h m a y h e 3°?S!f 
___ jj--. i v ft-*-. t u- t-nu This diffic ulty can be overcome with a Thermodynamic vent system 

CTVS). A TVS advantage of the fact that it is possible to position or locate hquid in a low-g 
^nvimnment hv usin g a LAD so th nt liquid can usually be withdrawn from the tank when it may be 
difficult to withdraw fas. A TVS functions by using liquid withdrawn from the tank _ LAD ^ passing 
SSdd tough a Joule-Thomson (J-T) expander. The J-T expander ^ 

which reduces die liquid’s pressure and temperature. The two-phase fluid do^stt^oftheJ T 
c-mander is rout ed through a heat exchanger in contact with the bulk liquid. Since the bulk liquid is 
warmer than the two-phaw fluid in the TVS HX, heat is transferred &om the bulk liquid to ■*“ two- 
ZSfluidf Hrat transfer causes boiling in the two-phase HX side, and bodmg continues unul afl 
E EnESrhe mtnay then be vented ovrtoard. The J-T expander, heat exchanger, and 
liquid has evaporate o. inc r should be noted that a LAD is not required to operate a 

TVS°WtS TladS or vapor could rater the TVS. Since the intent of a TVS isto vent vapor 

rapSTwould not degrade TVS operation. O^angaTVWihou^ 
LAD would* however, require some form of J-T expander control to accommodate the differe 
conditions. A LAD assures relatively constant inlet conditions to the TVS and permits a simple 

expander design. 

TVS venting is similar to direct venting of the ullage, with the exception that ^pressure of the vented 
TVS HX gas is lower. The TVS gas can be used to reduce heat leak to thebulk liquid if it is routed 
prior to venting tough a heat exchanger surrounding the pressure vessel. The vented gas is sensibly 
heated in the Vapor-Cooled Shield (VCS), and the thermal energy is i ransponed out of 
the vent flowstream. A properly positioned and designed VCS can reduce the heat leak to an LH2 tank 
by 50% if conduction or convection are the dominant modes of heat transfer to the tank. The heat e 
c In be reduced further if radiation heat transfer dominates. Passive pressure control refers to the use 
of a wall or LAD-mounted TVS to control tank pressure. The thermal {^or^M of a p^sive WS 
is controlled by free convection heat transfer in the bulk fluid and two-phase heat transfer in the TV , 
neither of which is well understood in a low-g environment. The thermal performance of a passive 
TVS a nd VCS is the physical process to be studied in the passive pressure control experiments. 

AfW Pnwiim Control - Active uressure control is similar to passive pressure control except that the 
heat^chanpar is no tat t ached to the tank wall or LAD. The heat exchanger is a separate component 
tough which the bulk liquid and two phase fluid flow. In the case of the C0 ^_ S ^ c ^ e ^J lt, 5 
Compact Heat Exchanger (CHX) will be used for active pressure control experimentation. There is 
forced convection heat transfer on both sides of the heat exchanger, and it should be capable of 
transferring more heat per unit area than the wall mountedheat exchangers. A pump must be ^lucted 
in the bulk liquid flow leg to force the liquid tough the CHX. The thermal performance of the CHX 
is the physical process to be studied in the active pressure control experiments. 

Frnerimemfll Configuration - A schematic of the supply tank is shown in Figure 3.3-1, which 
Uhisttates the principal components used in the stratification, mixing, and P r * ss “” C0 "Jj?} 
experiments Not included in the schematic are flow control valves, unused flow legs, the LAD, radial 
jlEEnES on. TT.e supply lank has an LAD which delivras liquid to the ank oulte- Flow 
less branch off the outlet line to a J-T expander or a pump. Flow through the J-T expander branches 
to either the TVS heat exchanger attached to the LAD or the CHX. The TVS flow passes through the 
VCS and is vented after it exits the VCS heat exchanger. The CHX flow ts vented after leaving the 
IwEthrager. Flow thiough the pump passes itaough the CHX and is injected into the tank through 
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Figure 33-1 Pressure Control Principal Components (Supply Tank) 


an axial jet or several radial jets. Thermal energy is supplied to the tank by wall heaters externally 
mounted to the pressure vessel. 

Thermal stratification will be induced by turning off the TVS and CHX, controlling the acceleration to 
some predetermined value and direction, and activating tank wall heaters. The only components 
involved in establishing the thermal stratification are the wall heaters. Figure 3.3-2 illustrates the 
acceleration direction and magnitude for the stratification tests. The liquid orientation with background 
acceleration is shown as arbitrary because the direction of the very small acceleration will vary and may 
rotate around the tank several times during a test. 



a) Background 


b) Medium Thrust 


c) High Thrust 


Figure 33-2 Accelerations for Stratification Testing 


The mixing tests are performed after the liquid in the tank has been thermally stratified. The liquid in 
the tank is mixed by withdrawing liquid from the tank, pumping it through the inactive CHX, and 
injecting the liquid into the tank with the axial or radial jets. The CHX is inactive when there is no 
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flow through the two-phase side and there is no cooling of the liquid. Flowrate through the system is 
controlled by the variable speed pump. Routing of the flow through axial or radial jets is controlled by 
lafrhing valves. Heat flux is controlled to the tank during these tests with the tank wall heaters. Figure 
3.3-3 illustrates the flow path for the axial mixing tests. 



Figure 3J-3 Axial Mixing Flow Path Used for Mixing Tests 


The passive pressure control experiments use the LAD mounted heat exchanger to remove heat from 
the tank. Liquid is withdrawn from the LAD, throttled through the J-T expander, routed through the 
heat exchanger and VCS, and vented overboard. TVS flow is controlled by several flow control 
orifices which are selected by latching valves. Valve operation is controlled by tank pressure. These 
tests are usually performed without the mixer, but some tests do use the mixer. Figure 3.3-4 shows 
the flow paths for the passive pressure control experiments with and without the mixer, including the 
tank heating with the tank wall heaters. The pressure control experiments in the receiver tanks are 
similar to the experiments in the supply tank without the mixer and without inducing stratification. 

The active pressure control experiments use the CHX and the pump to withdraw liquid from the tank, 
cool the liquid in the CHX, and inject the liquid into the tank with the axial jet Figure 3.3-5 shows the 
flow path for the active pressure control experiments with and without the mixer, including the tank 
heating with the tank wall heaters. CHX flow is controlled by several flow control orifices which are 
selected by latching valves. Liquid side flow control is accomplished by varying the speed of the 
pump. 


Tank Pulldown fERD 1.3^ - The ultimate purpose of the tank chilldown experiment is to investigate 
the tank chilldown process associated with removing heat from the tank system by heat transfer from 
the tank wall to the chilldown fluid. The process will be characterized by performing a multitude of 
tests designed to evaluate various methods of chilldown with different spray systems and a tank wall 
heat exchanger in order to assess time utilization and fluid efficiency. These processes will be 
evaluated as functions of spray system selection, spray system sequencing, flow rates, acceleration, 
subcooling, tank mass- to- volume (M/V) ratio, tank area-to- volume (A/V) ratio, and venting 
methodologies. Optimal methods for efficiently and quickly chilling down a warm cryogenic tank will 
be identified. The results of the tests will be correlated with analytical models and existing data. 
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Wall 

Heaters 


a) Without Mixer 


b) With Mixer 



Figure 33~4 Passive Pressure Control Flow Paths for the TVS HX and Mixer 



Figure 33-5 Active Pressure Control Flow Paths 


Tank drilldo wn is a precursor to the filling of an initially warm depicted subcntical cryogenic system in 
the space environment (on-orbit). Proper tank chilldown is essential to the efficient filling of tankage 
to high fill levels (generally 90-95%). The process of removing energy from the system involves 
optimizing the heat transfer between the chilldown fluid (both liquid and vapor) and the tank wall and 
other associated intemal/extemal plumbing, hardware and structure. The processes pertinent to tank 
chilldown will be investigated and demonstrated in the two COLD-SAT receiver tanks. Optimization 
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of the process (limiting the fluid used and time for chilldown while maximizing the heat transfer) is an 
important issue which will be addressed and evaluated. The amount of chilldown LH 2 as well as the 
time required to achieve the desired predetermined "target" temperature will be determined for various 
chilldown scenarios involving the use of the spray systems and tank wall heat exchangers. 

The "target" temperature is a threshold condition (may be a range of temperatures for different fills) 
which allows for proper tank filling to proceed without overcooting the tank during chilldown. If the 
ranif temperature is chilled down to a temperature which is too warm, an unopumized fill may result, 
with the c hance that the maximum tank pressure may be attained before the tank is fully cooled and 
filled to the final fill level For this condition, pressure control may be difficult and result in 
intermediate venting steps with unwanted fluid loss. Chilldown to a temperature which is lower than 
necessary results in an excessive and inefficient use of LH2 for cooling, but may enhance the 
subsequent filling process. 

The experiment processes to be studied in ERD 1.3 include spray system chilldown and tank 
chilldown via the tank wall-mounted heat exchanger. A definition and description of the experimental 
configuration (hardware) related to the processes being examined is presented as well, along with 
schematic hardware representations of the systems being used. 

Sprav System Chilldown - The spray chilldown process involves the introduction of chilldown fluid 
into the tank via one or more of the spray nozzle systems. The spray systems function to initiate fluid 
injection and motion for the purpose of putting the cold fluid in contact with the warm tank wall and 
the associated tank internal hardware, and for inducing thermodynamic mixing between liquid and 
vapor. Liquid spray droplet patterns are introduced at saturated fluid enthalpies with kinetic energy 
which is ultimatel y converted to a higher internal energy state during the process of heat transfer from 
the tank wall to the fluid. The available spray nozzle systems impart a variety of fluid motions in 
different regions of the tank that persist for finite periods of time. The internal hardware may interfere 
with fluid motions, patterns, and the time that fluid motion persists. 

With the goal in mind to reduce the fluid consumption and time for the chilldown process to occur, a 
unique "charge-hold-vent" procedure has been adopted for this purpose. Each of a number of charge- 
hold-vent cycles is characterized so that only an appropriate amount of charge mass is admitted to a 
receiver tank, allowing maximum utilization of its available cooling (within time constraints) before 
venting overboard. The entire chilldown process is assumed to start from an initial tank temperature 
and finish when the tank temperature reaches the target temperature. The vent stage pressure drop is 
another parameter that controls the process since the number of vent stages for a given cycle varies. A 
smaller vent stage pressure drop will better utilize isentropic cooling of the gas and require less 
chilldown fluid, but an increase in the number of vent stages and the chilldown time will be realized. 
T ar ger vent stage pressure drops will substantially reduce the chilldown process time and only slightly 
increase the fluid demand for an equivalent chilldown process. This latter approach will be adopted for 
COLD-SAT since the time limitation imposed with multiple vent stages poses more of an impact than 
the fluid usage. 

Initially, a charge mass of liquid and/or liquid droplets will be admitted into one of the evacuated 
receiver tanks. The tanks will be evacuated by means of the back-pressure and free vent systems to 
drop the tank pressure down to a space vacuum. At this time, processes such as fluid dynamic 
splattering, liquid flashing, film boiling, vapor and liquid heating, etc. will occur simultaneously or 
independently. The initial flashing process to a saturated vapor occurs relatively rapidly as long as the 
saturation pressure of the fluid is higher than the tank pressure. If the charge mass is small, then 
considerable film boiling will contribute to the increase in tank pressure in addition to the flashing. 
This process involves transient convective heat transfer between the resulting saturated vapor fluid 
state (liquid vaporized) and the tank wall. For free convection, the process is relatively slow, 
however, if a persisting fluid motion is induced, forced convection between the vapor and the tank 
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wall will result and chilldown will occur more rapidly. The chilldown time may be reduced many 
times that for free convection. 

The performance of the spray chilldown process can be altered by injecting fluid at different rates and 
through different nozzle systems. The thrust of the spray system chilldown experiments will be to 
examine different methods to accomplish receiver tank chilldown of scaled model tanks that in turn 
may be scaled to larger and full-scale flight tanks. Optimal methods will be identified through careful 
characterization of the COLD-SAT receiver tank chilldown tests. 

Tank Wall Heat Exchanger (TDO Chilldown - An alternate method to chilldown of cryogenic pressure 
vessels involves the routing of cold chilldown liquid through the tank's TVS tank wall heat exchanger. 
The process is performed by admitting higher pressure liquid into the tank wall heat exchanger 
downstream of and bypassing the J-T expansion valve and allowing this fluid to absorb heat from the 
tank wall. The chilldown fluid will continually flash as it flows through the heat exchanger while 
dropping to a lower pressure. The flashing of the chilldown fluid effectively restricts heat exchanger 
flow causing a self-regulating critical flow situation to exist. Hashing will continue all of the way 
down to the target temperature with the HX flow rate increasing as the tank wall temperature is 
reduced. Since the range of tank wall temperatures during chilldown are much higher than the 
saturation temperature of the chilldown fluid and because the flow will be restricted due to flashing, the 
fluid should fully vaporize and be efficiently utilized in this process. High heat transfer rates from the 
tank wall to the HX and the chilldown fluid are anticipated to effectively increase the forced heat 
transfer coefficient and the rate of tank wall cooling. When expelled from the heat exchanger, the fluid 
will warm to a superheated vapor condition at or near the tank temperature. Since the process is seif- 
regulating, the time for chilldown is unknown until a test demonstrates the performance. The 
employment of this chilldown method may pose difficulty in chilling the internal hardware down to the 
target temperature. 

Experiment Configuration - The two receiver tanks will be configured with various spray systems 
which will be used individually and in combination to optimize and assess the chilldown process from 
the standpoint of liquid mass consumption and operational time requirements. Numerous parameters 
will be controlled so that their effects on the process may be examined. A chilldown test will also be 
performed using the tank wall heat exchanger and introducing chilldown fluid directly into the tank 
through the inlet/outlet port. This test will be performed as a process demonstration so that 
comparisons can be made with the various spray techniques. Descriptions of the receiver tank test 
configurations are presented below. Figures 3.3-6 and 3.3-7 illustrate the experiment system 
schematics and their associated hardware for receiver tank 1 and receiver tank 2, respectively. 

A description of the receiver tank spray systems and the alternate method of introducing chilldown 
fluid into a tank wall heat exchanger is discussed below. The series of individual tests in this 
experiment are designed to collectively characterize the chilldown processes for use of the spray 
systems and wall-mounted heat exchanger. Parameters that affect the chilldown process will be varied 
parametrically in an attempt to quantify their effects. Appropriate measurements will be made that 
allow the quantitative assessment of the processes to be performed. 

Receiver Tank 1 - This tank originally had a tangential spray system which was deleted by customer 
technical direction since it was felt that the motion of the spray tangential to the tank wall would be 
interrupted by the LAD. In its place, a circumferential spray system with six nozzles has been 
provided to promote forced fluid contact with the tank wall. Since this tank is only chilled down from 
ambient temperature once, with subsequent chilldowns starting at an initially cold condition, creating 
persistent fluid motion with this system is not that great an experimental driver. A single axial nozzle 
has been designed into this tank to provide for internal mixing in the center of the tank. A radial spray 
system has not been incorporated into this tank because it would interfere with, the objectives of the 
single axial spray which represents a radial nozzle in a full-scale tank. How control of the axial nozzle 
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consists of low and nominal flow rate orifices in parallel with each (legs) other so that a wtalof three 
rates are possible. The third "high" flow rate is obtained by operating both legs in tandem. The 



Figure 33-6 Hardware Schematic of Receiver Tank 1 for ChiUdown 



Transfer Line 


Figure 33-7 Schematic of Receiver Tank 2 for ChiUdown 
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circumferential nozzle system provides a full maximum flow rate capability dictated by the supply tank 
pressure and transfer line characteristics. It is operated by opening either electrically-actuated valve for 
a full flow condition. Nozzles selected for this configuration are selected to dictate the small droplet 
size characteristics required of this system. 

Unlike receiver tank 2, receiver tank 1 does not have a tank wall-mounted heater for thermal 
conditioning at the start of chilldown. The initial temperature conditions at the start of chilldown for 
receiver tank 1 will be the natural temperature the tank realizes from its environment at the time testing 
commences. The number of tests in receiver tank 1 is only four with the last three probably having 
only a single chilldown cycle to reach the target temperature. Chilldown testing will be concentrated in 
receiver tank 2. Currently, this tank has a metal mass-to-volume (M/V) ratio that is about 2:1. Final 
M/V needs of the receiver tanks have to be determined and incorporated into the design. The M/V of 
this tank needs to be increased (mass added). 

Receiver Tank 2 - Most of the chilldown testing will be performed in receiver tank 2. Since this tank is 
a smaller scale version of a spherical OTV tank more commonly requiring chilldown, and since the 
M/V ratio is expected to be smaller than receiver tank 1 for a more rapid chilldown process, the focus 
for chilldown testing is concentrated here. More tests can be accomplished in this tank as opposed to 
the larger receiver tank. 

Three different spray systems (tangential, radial, and axial) are provided so that various charge mass 
characteristics and fluid motions can be induced in the tank. There are four tangential nozzles in this 
tank that are controlled with a solenoid valve system for maximum flow capability. No flow control is 
provided with this spray system. Both low and nominal flow capabilities are provided for each the 
radial and axial spray systems to provide three different flow rates each. The radial spray system has 
six nozzles and the axial system has three for uniform spray distribution. 

Chilldown with the tank wall heat exchanger will be examined in this tank. The wall-mounted TVS 
heat exchanger will serve as a chilldown direct contact chilldown device in a single test. Flow control 
will be inherently regulated by critical two-phase flow in the tank wall heat exchanger which is 
externally mounted. This approach will chilldown the tank in the least amount of time by permitting 
the maximum flowrate through the heat exchanger. 

A tank warm-up heater is provided to return the tank to its predetermined initial temperature starting 
conditions. Multiple chilldowns with the same starting conditions will be accomplished using this 
heater from ambient down to colder conditions. 

Also, the inlet/outlet baffle at the bottom of the tank will be used in the spray class of tests to introduce 
chilldown fluid into the tank for the same charge-hold-vent cycle procedures. 

The mass-to-volume (M/V) ratio of this tank is currently 2:1. Work is needed to reduce the M/V of 
this tank and increase the M/V of receiver tank 1 so that it will be about one-half of the M/V of receiver 
tank 1 for chilldown performance comparison. 

Other Tank Chilldown Considerations - No chilldown tests will be conducted on the supply tank since 
it will always contain some liquid. 

Initially, the transferred chilldown fluid will be subcooled either by the compact heat exchanger (CHX) 
to reduce the saturation pressure 34.5 kN/m 2 (5 psia) or by supply tank pressurization. The final 
conditions of the chilled tank will be in the vicinity of the target temperature. Venting will be 
accomplished through the tank vent down to a final value of 13.8 kN/m 2 (2 psia) or less at the end of 
each cycle. The 345 kN/m 2 (50 psia) maximum pressure is the maximum allowable tank condition 
employed for vent staging during any cycle. 
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The siroolv tank pressure for chilldown fluid transfer will not be maintained during the chilldown 

condition becomes substantiaUy reduced. A smglc pressurant charge 
Should suffice and provide adequate subcooling for chilldown fluid ttansfer. In 
line will be Hiiiiwri down prior to tank chilldown so that pure subcooled liquid may be admitted into the 

tank. 

The initial temperature at the start of some chilldowns will be as warm as possible, hopefiilly near 
ambient coSotBof294 K (530 R). This should be easily controlled in mb^f 

he arr* By starting the process with a warm t a n k, more data can be acquired for a num . f 

cMUdown^cycles, mi over a wider temperature range. ThewiSl 

thermodynamic process phenomena that might occur over the chdldown *®Pf*^™8** J? c 
temoerature of receiver tank 1 will be at or near the ambient S/C condition for the first test. For 
subsequent tests in receiver tank 1, the start temperature will probably be lower than the ambient S/C 
temperature because there will probably not be enough time for the tank warm up. 

The tank temperature at the end of the multiple cycle chilldown process should at least attain the value 
of the targette^erature, if not extending below the ideal calculated values to insure a successful no- 
vent fill. Final chilldown temperatures should be in the range of 78 K (141 R) or less for the COLD- 
SAT experiment receiver tanks if a 90-95% fill is going to be realized. 

At the start of each chilldown cycle, the tank will be at an evacuated pressure condition provided by the 
space 4cuum through the free vent system. The free vent system will also be opened to sp^e vacuum 
during vent staging and following each vent cycle. A fully evacuated condition will be established in 
the tank after the chill down is complete to provide initial condiuons for tank rilling. 

Mr>.v<»nf Fill and Refill of Tanks fERD 1,41 - The first set of objectives of this experimentation series 
is^o investigate the process offillhig tanks using a subcritical cryogen without venting and to gather 
data that will allow the accurate modeling and design of future no-vent fill systems. This data 
p rimar ily consists of the following parameters: 


1. I nitial tank temperature (empty tank) and inlet flow conditions 

2. Fluid condition (state) in the tank 

3. Fluid mixing system performance 

4 . Condensation rate at interface and liquid position (not a direct measurement) 

5. Final fill conditions of tank 


The second objective consists of the studying of the ullage exchange process, pis process will couple 
the vent systems of the supply and receiver tanks during a fluid transfer, thereby allowing the transfer 
to become a no-vent fill even though the receiver tank will be venting. 


T his experimentation series can be broken into three separate groups of experiments. These [consist ro 
(1) a no-vent fill, (2) a topoff (a no- vent fill that begins with some liquid initially in the tank), and (3) 
an ullage exchange. A definition and description of the experimental configuration related to the 
processes being examined is presented as well, along with schematic hardware representations of the 

systems being used. 


rn No- Vent Fill - The first test, a no-vent fill, is a method of filling a cryogenic tankwithout venting. 
This test inherently requires three separate processes to be successfully completed. The processes are 
the following: 


1. Initial pressure rise (due to flashing and liquid evaporation) 

2. Ullage condensation (via mixing of tank fluid) 

3. Ullage compression (final pressure rise) 
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Initial Pressure Rise - This step of a no-vent fill occurs during the seconds of the expenmenL 

In this process the tank is pressurizing from an initial pressure of -6.89 kN/m (1 psia) to the 
saturation pressure of the inlet fluid flow. Upon entering the tank, part of the liquid inflow to the tank 
will flash due to the drop in pressure and most of the remaining liquid will boil after contacting the tank 
wall. This boiling also reduces the tank wall temperature and will cease once the walltemperature has 
been reduced to the saturation temperature of the fluid. Analysis has shown that die time required for 
this pressure rise is highly dependent on the heat transfer between the liquid and the wall. The general 
consensus is that all of the fluid will boil due to the expected high heat transfer coefficient that will 

develop. 

The pressure rise time and final wall temperature are controlled by many factors. The initial tank 
temperature has a great effect on the time required to reach the saturation pressine of the inlet liquid. If 
themitial temperature is too low then the tank wall will cool down quickly the boilingwill stop, and 
the pressure rise rate becomes very low. The heat transfer between the liquid and the wall s the 
primary driver of the wall cooling rate, and the tank pressure nse rate. Other factors include the liquid 
flow rate, the tank geometry, plus the inlet liquid conditions. 

Ullage Condensation - Once the tank pressure has exceeded the saturation pressure of the inlet flow, 
fhe fi^^n g^il cease. If after this point the proper mixing conditions can be achieved the liquid can be 
used to condense the ullage, thereby maintaining the tank pressure at a fairly constant level. To 
achieve the necessary condensation of the ullage, convective forces of a great enough magnitude mus 
be achieved. The flow configuration (flow rate, nozzle choices, etc.) used and the acceleration level 
will have a major impact on and control this process. The choice of acceleration level will inherently 
control the location of the ullage, whereas the flow configuration will affect the resultant heat transfer 
between the liquid and the ullage by providing various fluid motions. In addition, the ullage 
condensation process will be the starting point for a topoff test since the fluid tank will already ave 
liquid accumulated in the tank. 

As stated before, the interfacial heat and mass transfer is the driving parameter for the effectiveness of 
the no-vent fill process. This parameter is mainly controlled by the spacecraft acceleration, liquid flow 
rate, and nozzle configuration. In addition, the tank geometry and initial tank conditions (i.e. is this a 
fill or a topoff) will have some effect on the process. 

Ullage Compression - This process occurs at the end of the no-vent fill and results in a final pressure 
rise that continues until the receiver tank pressure rises to the level of the supply tank. Once this 
occurs, the fill will cease ending the experiment. The exact point where compression exerts a greater 
effect than condensation on the ullage is determined by the heat transfer. 

(?) Tonoff - Topoff is simply a no-vent fill which is initiated with liquid present in the receiver tank. 
This process must be studied since one cannot be assured that all resupplies on-orbit will be to a tank 
that has been emptied. The processes involved are the same as ullage condensation and ullage 
compression of the no-vent fill process. 

(3) image F.xchange - The last test, ullage exchange, is a form of a no-vent fill. In this case, the vents 
of the receiver tank and the supply tank are interconnected. This action allows the venting of liquid 
from the receiver tank since it will be captured by the supply tank instead of being lost overboard. 
This transfer method is very desirable since it will allow a resupply of cryogens to be performed 
without the requirement for the tank spray systems that no- vent fill has. The processes involved with 

this task are: 


1. Initial pressure rise (due to flashing and liquid evaporation) 

2 I jquid transfer and vent fluid recirculation to supply tank (ullage exchange) 
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Initial Pressure Rise - This process is basically the same as the initial pressure rise process of a no-vent 
fill in that the tanks being chilled down from an initial target temperature to a point at which liquid will 
begin to acc umulate in the receiver tank. During this process the tank pressure is also increasing to a 
level greater than that in the supply dewar. This is to allow the transfer of the receiver tank ullage to 
the supply tank. 

Liquid Transfer and Vent Fluid Recirculation to Supply Tank - This process is the heart of an ullage 
exchange. Once the receiver and supply tank pressures equalize, the vents of the two tanks will be 
c onne cted by opening a valve in the pressurization system. The use of the pressurization system 
allows this test to be implemented with little hardware impact The liquid is transferred into the 
receiver tank throu gh the inlet/outlet and allowed to move due to its own momentum (i.e. no nozzles 
are used to position or control the fluid motion). Whatever fluid is in the vicinity of the vent will be 
t ransf erred back to the supply tank. Thus liquid or gas can be returned to the supply tank. The fluid 
t ransf erred from the receiver tank back to the supply tank will chilldown the pressurization line, so no 
pre chillin g of the pressurizadon line is necessary. The vent line will be monitored for liquid flow, and 
once the flow is predominantly liquid, the process will be terminated. 

For the ullag e exchange process, the major driver of the final fill rate is whether liquid or gas is venting 
to the supply tank. This parameter clearly affects the fill rate since if the vent fluid is mainly liquid, 
this transfer process will be very inefficient and cannot produce good results. The fill level of the 
receiver tank will be determined by performing a supply tank topoff after each exchange and recording 
the flowmeter reading. Acceleration will affect the probability of venting liquid so it must be 
considered when performing the process. Keeping the liquid settled at the tank outlet end will aid in 
minimizing liquid carryover through the vent which is a desired feature that enhances the process. 

Experiment Description - No-vent fill will be demonstrated for the two receiver tanks using various 
spray systems to characterize the ability to control maximum fill level and maximum pressure during 
fill. Variables which influence tank fill and tank pressure will be varied parametrically in an attempt to 
quantify these effects. Spray flow, acceleration environments, and the "target" temperature are the 
key parameters which will be varied in an attempt to understand the thermodynamic and fluid 
conditions of this process. 

These tests will be accomplished using the two receiver tanks which respectively possess a LAD and 
oudet end baffles with a variety of spray systems. The following summarizes those tests that will be 
accomplished in each tank. 

A. Receiver tank 1 

1 . Single axial spray at bottom of tank 

2. Combination of axial spray and inward spray (circumferential spray system) mounted at 
the tank circumference 

3. Inflow through the LAD 

B. Receiver tank 2 

1 . Tangential/radial/axiai spray operated in various combinations 

2. Inflow through the inlet/outlet baffle 

3 . Ullage exchange with inflow through the inlet/oudet baffle 

Experiment Configuration - The following provides a brief description of the conceptual experiment 
co nfi g uratio n required to investigate low-g no-vent fill, topoff, and ullage exchange. 

Sprav Characterization - Spray jet orientation location and flow characteristics are uniquely configured 
for each receiver tank. Receiver tank 1 possesses a circumferential spray system that is located on the 
tank wall to provide a spray flow directed towards the center of the tank and is designed to promote 
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ullage condensation. This tank also has a single axial jet which is located in the bottom of the tank to 
represent a full scale region of an OTV/depot tank's spray nozzle. On the other hand, receiver tank 2 
has three spray systems that are located in the spherical tank geometry to provide: (1) wall-mounted 
circumferential spray flow producing across- the -tank spray liquid flow, (2) radial flow from the center 
axis out to the wall to mix with a centrally located ullage, and (3) axial jets aimed along the axis from 
either end to reach the centrally located ullage. 

Fill/Iniection Techniques - Flow can be directed through the spray nozzles to promote mixing, or by 
direct injection through the outlet (receiver tank 2) or LAD (receiver tank 1) to use as a basic reference 
test for a bare tank fill. Outlet baffles (receiver tank 2) will affect the spray patterns in either a 
beneficial or detrimental way. 

The interrupted fill technique will be conducted by performing a series of staged fills interceded with 
the use of the passive TVS HX for conditioning the fluid prior to each fill stage. This technique will 
demonstrate the feasibility of performing a no-vent fill to high fill levels in terms of the efficiency and 
time required to attain a desired fill level. The fill level obtained from a single stage no-vent fill is 
relatively unknown and can only be demonstrated, and therefore, this method provides an absolute 
means to achieve a desired end fill condition. 

Thermod vn amics/Heat Transfer - The "target" temperature which is related to the mass/volume ratio of 
the tank and was evaluated in the chilldown tests will be explored as a function of mixing method and 
flow rate. The fluid injection flow and state will also affect the maximum fill level and pressure. This 
will be evaluated in this experiment by controlling the supply tank pressure and liquid temperature. 

Fluid Mass Gauging - Knowledge of the receiver tank fill level requires an accurate measurement of 
fluid mass by using the integrated flow into the tank. Fill level will also be determined by settling the 
liquid and measuring fill level with liquid/vapor probe. The liquid/vapor probe provides a means of 
measuring the settled fluid level in the tank. 

Conceptual schematics of both receiver tanks 1 and 2 are presented in Figures 3.3-8 and 3.3-9, 
respectively. These figures show the spray systems utilized for each tank and the associated fluid 
components required to provide flow control for the spray systems (same configurations for 
chilldown). The inlet/outlet baffle (for receiver tank 2) and the LAD (for receiver tank 1 ) are also 
shown since these devices will be used in tests to provide a baseline fill level against which to compare 
the no-vent fill data. 

LAD Fill/Refill Characterization fERD 1.5^ - The acquisition of liquid in a low-g environment can be 
difficult because its position may be unknown due to the dominance of surface or inertial forces over 
body forces (Bond and Weber Numbers). A total communication capillary liquid acquisition device 
(LAD) can overcome this difficulty. A LAD consists of one or several channels in a tank having one 
side covered with a fine mesh screen. The screen serves as a vapor barrier because, when fully 
wetted, it resists penetration of gas into the liquid- filled channel. If a tank with a LAD is filled, it is 
essential to remove all vapor from the channel to ensure that the screen is completely wetted. 
Otherwise vapor can flow through the screen and out of the tank. Bubbles in the LAD can be removed 
by pressurizing the tank or cooling the LAD with a heat exchanger. Techniques to fill a LAD and 
remove any vapor bubbles in the channel are the physical processes to be studied in the LAD fill/refill 
experiments. 

Experimental Configuration - A schematic of the COLD-SAT components used in the LAD fill/refill 
experiments is presented in Figure 3.3-10. These consist of the supply tank, receiver tanks, GHe and 
GH2 pressurization systems, LAD's, TVS’s, fill nozzles, and flowmeters. The supply tank and 
receiver tank 1 contain LAD's. The LAD in the supply tank and receiver tank 1 consists of four 
channels positioned circumferentially in the tank along the tank axis at right angles to each other. A 
TVS heat exchanger is attached to the LAD in the supply tank to provide localized cooling of the LAD. 
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The LAD in receiver tank 1 does not contain a TVS heat exchanger in an attempt to simplify the tank 
design I ocalized cooling, or an increase in the tank pressure above the bulk fluid saturation pressure, 
can collapse bubbles in the channels or prevent their formation. GHe and GH2 pressurization is 
available to all although only GH2 pressurization will be used in the supply tank. Flowmeters 
are included in the transfer line to measure flowrates and detect entrained vapor in the flowstream. 



Figure 33-8 Receiver Tank 1 Fill Schematic • 

Tank Pressurization with Gaseous Hydr ogen and Gaseous Helium (ERD 2.41 - The primary objective 
of this experiment is to investigate pressurization of the supply and receiver tanks for purposes of 
providing the force necessary to drive liquid outflow and transfer, and to use a higher pressure level to 
promote subcooling of the tank liquid. The performance of gaseous pressurization required of the 
COLD-SAT supply and receiver tanks for transfer, fill, and back-transfer operations will be 
investigated. Pressu rizatio n will be performed while maintaining fixed pressure setpoints for initial 
pressurization followed by tank pressurized transfer. The process will be characterized by providing 
tests with which to evaluate the pressurization process with both gaseous hydrogen and gaseous 
heli um pressurant. The effects of varying parameters such as acceleration environment and 
orientation, liquid fill levels, liquid outflow rates, and pressure setpoints on pressurization 
performance and pressurant use will be examined. This experiment is designed to support the primary 
enabling cryogenic fluid management, transfer, and storage process technologies conducted in the 
Class I experiment set. 

Efficient tank pressurization of on-orbit cryogenic tankage is essential to the outflow and transfer 
pro ce sses associated with receiver tank fills and supply tank back-transfers. Pressurization efficiency 
is dependent on the capability of the pressurant gas supplied to be diffused properly into the tank ullage 
region in order to maximize stratification and minimize liquid/vapor interface heat transfer. Lack of 
fluid st ratificati on (destratification) results in subsequent pressure loss and an increased demand for 
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gaseous pressurant to sustain desired tank pressure levels. Pressurant consumption under certain 
conditions could become exorbitant, demanding more pressurant over the mission than could be 
feasibly stored in pressure bottles if these processes are not optimized. 



Figure 33-9 Receiver Tank 2 Fill Schematic 


Pressurization Line 
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Control of tank pressure in low-gravity will be evaluated using the GH2 pressurization process for all 
of the cryogenic Panics which comprise the experiment subsystem configuration and with the GHe 
pressurizati on system for each of the receiver tanks. No GHe pressurization will be conducted in the 
supply tank so that the thermodynamics examined in this tank are governed by a single fluid 
c o nstit ue nt only consistent with the condensible hydrogen fluid. 

Pressurization with Gaseou s Hydrogen - Pressurization with warm gaseous hydrogen will be 
performed for all supply tank pressurizations and approximately one-half of the receiver tank back- 
transfers to the supply tank. The pressurant will be added to the tank through the pressurant diffuser at 
a flow rate that is ad equate enough to maintain pressure for the maximum anticipated liquid outflow 
and transfer rate. The pressurization system flow rate will be designed with the larger of the required 
hydrogen or helium flow rates as the limiting case. The required flow rate of hydrogen will be 
determined from pressurant consumption calculations determined from analytical models developed for 
hydrogen pressurant 

Pressurization with Gaseous Helium - Pressurization with warm gaseous helium will be performed for 
about one-half of the receiver tank back-transfers to the supply tank. The pressurant will be added to 
the tank through the same diffuser system that hydrogen is admitted to the tanks. The helium 
pressurant flow rate will be determined from pressurant consumption calculations determined from 
analytical models that use helium pressurant 

Other Pressurization Considerations - The foregoing discussion pertains to both pressurization 
processes, pressurization with hydrogen and pressurization with helium. Each of the pressurization 
methods will be compared to one another so that their performance can be assessed from the standpoint 
of pressurant quantity consumed, thermal energy added from the pressurant, thermal conditioning 
following pressu rizati on, and pressurization subsystem control. 

The initial tank pressure will vary at the start of any given pressurization test because it may not always 
be advantageous or possible to reduce the tank pressure down to nominal conditions of 103.4 kN/m 2 
(15 psia) between pressurizations. These varying initial tank pressure conditions will just provide 
additional data points with which to conduct a performance assessment of the initial pressurization 
process. Initial pressurization quantities and the time required to achieve setpoint pressure values from 
various initial tank pressure conditions will be dependent also on the thermodynamic state of the fluid 
in the tank The tank pressure and fluid thermodynamic state will inherently govern the heat and mass 
transfer characteristics of the pressurant with the fluid once injected. 

The ability to maintain tank pressure is a function of the degree of fluid stratification which, in turn, is 
a function of acceleration level, acceleration orientation, and tank fluid stability. A fluid dynamically 
unstable ta nk system (sloshing tank fluid) will cause the liquid and vapor constituents to mix with each 
other, thus enhan cing the liquid vapor (L/V) heat and mass transfer and effectively reducing tank 
pressure. With the presence of fluid sloshing, the potential exists for the tank liquid come in contact 
with the pressurant and pressurant diffuser. Injected pressurant in contact with the tank bulk liquid can 
indue* higher than desired forced heat transfer coefficients resulting in rapid cooling and condensation 
of the pressurant with no added benefit towards the goal of tank pressurization. Therefore, increased 
L/V interface heat and mass transfer will defeat the purpose of stratifying the fluid for efficient 
pressurization and so the fluid constituents should be separated and the liquid settled so that the 
pressurant may diffuse properly to stratify the vapor ullage. The rate of pressure buildup or reduction 
and the pressurant control and consumption variables will be affected by the mechanics of these fluid 
dy nami c processes. Different acceleration levels and induced disturbances during flight can have a 
definite impact 
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The te mpera ture at which press urant is introduced into the tank will affect the pressurant consumption 
to varying degrees. A colder gaseous pressurant will consume many times more pressurant because 
less thermal energy is stored in the gas and more has to be added to get the desired ullage 
compressibility effects. Less of a warmer pressurant may be required if appropriately stratified in a 
low-g situation with liquid set tlin g. However, in cases where the acceleration environment is relatively 
high and warm pressurant is introduced, buoyancy effects may drive up the heat transfer rate at the L/V 
interface and actually increase the demand for warm gaseous pressurant. An optimal situation for 
pressurant use exists when warm pressurant is used and the liquid is settled at a minimum Bond 
number that effectively settles the liquid and allows stratification to occur. 

For op timal pressuri ration performance, the pressurant should be diffused into the ullage near the top 
of the tank and away from the liquid to avoid heat transfer and condensation which would demand 
larger quantities of pressurant The idea is to inject the thermal energy (pressurant) into the uppermost 
region of the vapor ullage on the opposite end of the tank to the direction of the acceleration vector. 
Although COLD-SAT tests requiring pressurization for outflow, transfer, or subcooling of liquid 
hydrogen will not necessarily induce these ideal conditions, these factors should be considered for 
application to realistic space systems where objectives may outline the need to conserve as much 
pressurant as possible. 

Experiment Configuration - The experiment pressurization system is required of the COLD- SAT for 
cryogenic hydrogen fluid outflow and transfer operations such as no-vent fill, chilldown, etc. This 
system is comprised of high-pressure gaseous hydrogen and helium pressure bottles and the associated 
fluid system hardware for the plumbing and flow control. The high pressure gas bottles are initially 
charged on the ground during ground support functions. The system is sized and designed without 
recharging the system on-orbit and is able to provide pressurant margin for the entire COLD-SAT 
mission. A warm gas pressurization system is simple, easy to facilitate, and eliminates hardware 
complexities involved with autogenously pressurizing cryogenic tanks. The pressurant bottles will be 
insulated with MLI to minimize on-orbit cooling. 

The pressurant storage bottles will be charged on the ground at approximately 20.7 MPa (3,000 psia), 
a pressure only to be maintained initially before the tanks are blown down during their on-orbit use. 

The design currently baselined for the COLD-SAT experiment subsystem is a composite graphite- 
epoxy overwrapped pressure bottle with a fluid compatible aluminum liner. A total of nine pressurant 
bottles are required to deliver the necessary hydrogen and helium pressurant for COLD-SAT 
experimentation. Seven of these are required for GH2 and two for GHe requirements. Figure 3.3- 1 1 
illustrates the pressurization system from a schematic point of view, showing the necessary hardware 
requirements. 

The entire system is represented in the schematic, including all of the relevant hardware with 
redundancy for pressurant flow and control. Valves, filters, and flow regulation with a fixed pressure 
regulator and redun dan t flow control orifices have been established to control the pressurant flow rate 
to a fixed value as required. The pressure bottles will deliver pressurant down to about 689-1379 
kN/m 2 (100-200 psia) at which point pressure regulation may become difficult. Pressures and 
temperatures will be continually monitored not only within the individual pressurant tanks themselves, 
but at the pressurant inlet and within the tank fluid, especially in the ullage region. 


Low-G Expulsion. Fill, and Venting of Tanks Using S ettling Acceleration (ERD's 2.5a. b. and cl - 
This experiment series is required to study various processes under low-g settling acceleration 
environments. The series will be broken up into three distinct areas of study. These consist of (2.5a) 
tank expulsion, (2.5b) a vented tank filling operation, and (2.5c) a settled tank venting, all to be 
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perfor med in low-g. These tests will allow one to determine if, by judicious use of acceleration to 
position the liquid, fluid control can be maintained while on-orbit. 



Figure 33-11 Hardware Schematic of the COLD-SAT Pressurization System 

! pw-fi Expulsion fFRD 2.5a) - The first test will study the expulsion of liquid out of a tank without 
the use of a LAD. In this test, receiver tank 2 will be used since it contains no liquid acquisition 
device. The processes involved with this test are settling and outflow. This test consists of applying a 
known acceleration field to the spacecraft to settle the liquid over the outlet, and expelling liquid out of 
the inlet/outlet baffle. The test will terminate when liquid no longer flows out the baffle. Once the test 
is over the liquid residual in the tank will be measured. 


Settling - Accelerations above the background level of 10* 9 g‘s will be used to orient the liquid over the 
inlet/outlet baffle of the tank. This settling maneuver has been used as the principle method of 
ensuring liquid acquisition for decades. The settling time and resultant interface shape is a function of 
the applied thrust level and duration, and the tank geometry. The use of two different thrust levels will 
allow the study of the affect this variable has on the outflow. 


Outflow - Once the liquid has settled in a desired location, the liquid outflow will begin. This process 
is a simple flow analysis, as long as the liquid interface remains stable. The interface of the fluid will 
not be flat and will even vary with time. Near the end of the outflow, the interface will break down 
allowing vapor into the transfer line. At this point the outflow will terminate and the amount of liquid 
remaining in the tank will be referred to as the residual. 


Vented Fill fERD 2.5b) - Vented fill is a task in which a tank is filled with a cryogen while venting to 
relieve pressure. This method is commonly used on the ground to fill a dewar. In low-g though, there 
are no gravitational forces to ensure a stable interface between the liquid and the ullage. Therefore if 
this method were to be tried in a bare tank in zero-g, the fluid would geyser and probably exit the tank 
directly through the vent By providing a settling acceleration and limiting the fluid inflow rate to a 
level will ensure a stable interface, this method of tank filling could be made to work. This 
experiment can be broken into two processes, tank chilldown and tank fill. 


Tank Chilldown - This process is basically the same as the normal tank chilldown in that the tank is 
being down from an initial temperature to a point at which liquid will begin to accumulate in the 
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receiver tank. During this process the inlet fluid will be flashing and vaporizing due to the drop in 
pressure and the heat exchange to the warm wall. 

Tank Fill - This process will naturally begin once the tank wall has cooled down to the saturation 
temperature of the incoming liquid. During this process liquid will be entering the tank and 
accumulating in locations determined by the fluid momentum and tank acceleration levels. If the fluid 
momentum is greater than a critical level, the incoming fluid stream will likely penetrate the fluid 
interface, resulting in liquid geysering and probable flow of liquid out of the vent. When this event 
occurs (or when the tank fills to a level at which liquid will vent), the transfer will be termi nate d 

Low-g Tank Venting (ERD 2.5c) - This test will study the venting of a cryogen without the use of a 
TVS system. This practice is risky since it is difficult to control the liquid position, therefore LH2 
could vent overboard instead of gas. The processes involved with this test are settling and low-g 
venting. This test consists of applying a known acceleration field to the spacecraft to settle the liquid 
over the outlet, and venting gas out of the pressurant diffuser at the top of the tank. The test will 
terminate when the tank pressure has dropped to a set level. When liquid has been detected in the vent 
fluid, the test will be momentarily stopped and the liquid will be reoriented over the inlet At this point 
venting will begin again. 

Settling - Accelerations on the order of 10' 5 to 1CH g’s will be used to orient the liquid away from the 
tank vent This settling maneuver has been used before as a method of ensuring gas venting, with 
limited success. The settling time and resultant interface shape is a function of the tank geometry and 
the applied thrust level and duration. 

Venting - Once the fluid has been oriented over the inlet/outlet baffle, the vent will begin. This process 
is very simple to analyze except for the question of whether liquid or gas is venting. Another factor 
that will be varied is the tank fluid initial condition. The question is whether or not the fluid in the tank 
will be at saturation or superheated ullage conditions. In the superheated case it is assumed that the 
tank will vent without much bulk fluid boiling. In the saturated case, the tank fluid will likely bulk boil 
and froth, leading to excessive liquid entrainment into the vent gas. This second case is expected to 
produce worse results than the first one and therefore venting will only be accomplished for 
superheated vapor conditions. One last factor that will be studied will be the effect of having a non- 
condensable gas in the ullage (i.e. GHe instead of GH2). 

Experiment Description - These low-g fluid transfer experiments will be performed with two receiver 
tanks to study the effect of tank scaling along with the previously mentioned parameters. These 
parameters are primarily the acceleration environment of the spacecraft, the fluid flow rate, and the tank 
initial conditions. These tests will be accomplished using the two COLD-SAT receiver tanks which 
respectively possess a LAD and outlet end baffles. The following s ummari zes those tests that will be 
accomplished in each tank. 

A. Receiver Tank 1 

1 . Vented fill through the LAD 

2. Low-g vent of superheated ullage 

B. Receiver Tank 2 

1 . Low-g outflow through the inlet/outlet baffle 

2. Vented fill through the inlet/outlet baffle 

3 . Low-g vent of superheated ullage 


C. Supply Tank 

1 . Low-g vent of superheated ullage 
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Ponfi miration - The following provides a brief description of the conceptual experiment 

Sfi^tion to Svestigate low-g no-vent fill and ullage exchange: 

TorhnimiM - Row will be directed into the tank via the outlet (receiver tank 2) or LAD 
h S£tflow baffles (receiver tank 2) will affect the flow patterns in either a beneficial 

or detrimental way. 

TVrhniaues - The vent fluid will be directed out of the tank via the ptwsutant diffuse loeausd 

SsSt and the supply tank. The back pressure vent systems will be used to ensure that 

no fluid will freeze in the line. 

t in, lid Detection - To ensure that no liquid will be vented overboard during a fill ora vent, liquid 
sensors wilf be^placed in the vent line. Detection of vapor in the transfer line, required for the low-g 
expulsion, will be provided by the flow meters. 

R,,iH Mass Gauffine - Knowledge of the receiver tank fill level requires an accurate measurement of 
fluldmas s by usm g^hc huegrated flow into the tank. If the fluid is settled, then the fill level prebe wdl 
also provide a means of measuring the fluid level. 

fYmrmmal schematics of both receiver tanks 1 and 2 arc presented in figures 3.3-12 and 3.3-13 
respectively. These figures show the inlet/outlet baffle (for receiver tank 2), the LAD (for receiver tank 
1), and the pressurant diffusers. 



Figure 33- 12 Receiver Tank 1 Liquid Settling Schematic 
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Figure 33-13 Receiver Tank 2 Liquid Settling Schematic 

LAD Performance (ERD 2.6) - The use of a liquid acquisition device (LAD) to deliver vapor-free 
liquid in a low-g environment has been discussed in earlier sections . The ability to do this depends on 
the extent that vapor can penetrate the LAD screen. Vapor penetration is resisted by liquid wetting the 
screen, and the maximum differential pressure which can be resisted is the bubble point 'The pressure 
difference across the screen is caused by flow losses through the screen and channels, hydrostatic 
head, hydraulic transients, and external vibrations. The stun of these pressure losses must not exceed 
the screen bubble point or the screen will break down and vapor will penetrate the channel. Also, the 
total pressure difference must not exceed the extent of liquid subcooling or flashing may occur, 
introducing vapor in the channel. This is particularly important in cryogenic systems where the liquid 
is stored near its boiling point The determination of the conditions under which the LAD's in the 
supply and receiver tank 1 break down are the physical processes to be studied in the LAD 
performance experiments. 

Experimental Configuration - A schematic of the COLD-SAT components used in the LAD 
performance experiments is presented in Figure 3.3-14. These consist of the supply tank and receiver 
tank 1 with LAD's and TVS's, GHe and GH2 pressurization systems, and flowmeters. The LAD's 
consist of four channels positioned circumferentially in the tank along the tank axis at right angles to 
each other. A TVS heat exchanger is attached to the LAD in the supply tank to provide localized 
cooling of the LAD. Localized cooling can collapse bubbles in the channels or prevent their formation. 
GHe and GH2 pressurization is available in both tanks to provide the differential pressure for 
expulsion, but only GH2 pressurization will be used in the supply tank. Flowmeters are included in 
the transfer line to measure flowrates and detect entrained vapor in the flowstream. 
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Pressurization Line 



Figure 33-14 LAD Performance Principal Components 

Tr ansfer Line rhillHnwn fFRD 2Ti - On-orbit transfer of cryogenic fluids requires chilldown of die 
nu^tebdoieAe procesTcan proceed. The transfer line must be chilled down so that excessive 
heat transfer does not cause flashing in the line. Chilldown has been studied in a 1-g environment, but 
no studies have been performed in low-g. The process may be sensitive to federation level, so 1-g 
data may not be applicable to low-g chilldowns. Monitoring of the transfer line chilldown is the 
physical process to be studied in the transfer line chilldown experiment s. 

Fxneriiwnfal Onnfi miration - A schematic of the COLD-SAT components used in the transfer line 
SSudc in Figure 3.3-15. These consist of the supply tank and receiver 
tanifg the LAD in the supply tank and receiver tank 1, GHe and GH2 pressurization system, transfer 
lines, vents, and flowmeters. GH2 and GHe pressurization is available in all tanks but only GH2 
pressu rizatio n will be used in the supply tank. Flowmeters are included in the transfer line to measure 
flowrates and detect entrained vapor in the flowstream. Transfer line chilldown is accomplished by 
flowing a small amount of liquid into the transfer line from the supply tank and venting the fluid from 
the line. 


Control SL Liquid Subcooling During Outfl ow (ERD 2.81 - Most fluid transfer operations require 
subcooled liquid conditions in the line to prevent flashing. This is particularly important in cryogenic 
systems where the liquid is stored near the boiling point It is also necessary to provide subcooled 
liauid during a no-vent fill process so that the incoming liquid can absorb the heat of vaporization of 
condensing vapor. Otherwise, pressure would build up in the tank, halting the fill process. 
Subcooled conditions can be achieved by either raising the pressure of the liquid in the supply tank or 
reducing the liquid temperature. The former method is used in pressurization experiments. The latter 
method of achieving subcooling is used in this experiment. Temperature reduction is accomplished 
during fluid transfer from the supply tank to one of the receiver tanks by outflowing through the CHX. 
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The thermal performance of the CHX is the physical process to be studied in liquid subcooling 
experiments. 


Pressurization Line 



Fxru»rimental Configuration - A schematic of the COLD-SAT components used in the CHX 
^rfomanceex^rimen^ is presented in Figure 3.3-16. TTiese consist of the supply tank md receiver 
Liks the CHX and LAD in the supply tank, the mixer/transfer pump, the GH2 pressurization system, 
and flowmeters The LAD consists of four channels positioned circumferennally in the supply tank 

angles CO each other. GH2 and GHe pressurization ,s avatlabte m tarits 
but only GH2 pressurization will be used in the supply tank. Liquid can be withdrawn from the 
eithCT by pressurization or with the pump. Flowmeters are included in the transfer line to measure 
flowrates Cooling of the outflow fluid is accomplished by diverting ; some of the outflow fluid 
through the J-T expander which reduces the CHX fluid pressure to 34.5 kN/m (5 ps • )• 
downstream of the expander is colder than the bulk liquid, and heat is transferred from the bulk liquid 

to the two-phase fluid in the CHX. 

t imiid Dimming ™ T ^w-O ^RD 2.91 - ^ primary objective of the liquid dumping experiment is to 
investiMte^the process of rapid tank dumping. Contingency operations may require dumping of 
hazardous cryogens without liquid positioning in order to safe the system. The effectiveness of the 
Sdl^g t“hmquc will be mtesrigated withou. a LAD or settling accelerates as a > worst case 
condition. The remaining experiment hydrogen from receiver tank 2 will be dumped overboard o 
space from the tank oudet through the free vent system while pressurizing the tank with helium to aid 

in the expulsion. 

The low-g liquid dumping process involves the rapid dumping of a tank’s remaining fluid. This 
process is required if a cryogenic fluid system would have to be safed m the event of a mission abort 
resulting from some occurrence that might pose a hazard to keepmg the cryogen in the tank. 
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Figure 33-16 CHX Performance Principal Components 


Ideally, it would be desirable to position the liquid towards the outflow line or vent by inducing a 
settling acceleration. In addition, if the tank possessed a liquid acquisition device to aid in the liquid 
expulsion, dumping of the remaining tank fluid would be well supported. To obtain near complete 
dumping of liquid, expulsion of liquid in preference to vapor is desired. 

Under more realistic circumstances, however, the opportunity to dump fluid under these conditions 
will not be available. The tank containing the liquid to be dumped may not even have a LAD to aid in. 
expulsion. Such is the case with the COLD- SAT receiver tank 2. Tank liquid dumping will have to be 
performed under more severe, less desirable conditions. Liquid dumping from receiver tank 2 will be 
accomplished without a LAD and without any settling accelerations. The fluid will be dumped out of 
the tank outlet at the bottom of the tank. This will provide a worse case condition with which to 
demonstrate the process when combined with the effects of using the free vent to investigate sub-triple 
point effects. 

The outlet baffle provided in this receiver tank will be used for expulsion out of the tank outlet by 
aiding somewhat in the liquid expulsion. The outlet baffle will be used to help delay the ingestion of 
vapor during low-g draining, ensuring more effective removal of liquid. A baffle over the outlet 
would provide a more uniform velocity field to direct the outflowing liquid, and delay the drawing of 
vapor into the outlet Capillary forces act to uniformly distribute the liquid over the tank wall, which 
aids in promoting continual draining. 

The fluid will be dumped overboard as liquid and vapor with no regard to the quality of the expelled 
fluid. When the outflow rate and tank pressure drop down to near zero where flow essentially ceases, 
the dump will be considered complete. This final expulsion of the tank will depend upon the 
continuing orientation of the liquid under the effect of capillary and flow forces at the outlet/baffle. 

Subsequently, the tank will be locked-up and the fluid pressure and temperature allowed to increase so 
that the residuals can be vented through the TVS vent system. Subsequent monitoring of the tank 
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pressure while the tank and fluid te m peratures increase will establish the quantity of residual liquid in 
the tank. 

The potential for freezing of the dumped liquid and vapor exists in instances where the fluid may be 
vented too rapidly to a vacuum condition. If the pressure in the tank, the tank outlet, or the vent line 
falls below the triple point of hydrogen, the liquid could freeze. Freezing of the liquid will result in 
blockage of the vent line and halted dump flow and is a part of the process that will be evaluated. 

Experiment Configuration - Receiver tank 2 has no configuration hardware specific to liquid dumping 
in low-g. This experiment will use receiver tank 2 and its hardware as configured for the other COLD- 
SAT experiments. The fluid will be forced out of the tank outlet with helium pressurization and 
dumped through the free vent The tank will be pressurized to 344 kN/m 2 (50 psia) initially and 
allowed to vent down to 13.8 kN/m 2 (2 psia) as a final pressure at which time the dump process will 
cease. 

3.4 Recommended Experiment Set Modifications 

Suggested design changes that could be implemented for a more cost effective design are included in 
the following recommendations. The following are still unresolved issues that would result in 
experiment set modifications that would provide enhancement to the current baseline: 

- The experiment set was developed with a defined set of Class I and Class II objectives 
but without a methodical approach to insure that the best experiment mix is being 
performed for each experiment class. An evaluation of the experiment set is needed 
using a statistically-designed approach for each experiment class to establish the correct 
mix of parametric conditions to ensure adequate experiment data quality for the 
minimum number of experiments and so that experiment results can be properly 
understood. 

- Further assessment of receiver tank 1 LAD design requirements and associated 
breakdtiwn/stress testing desires is needed. Analysis on the type of LAD for receiver 
tank 1 showed that a very coarse screen device would be needed to induce breakdown 
under stressed conditions and that the nominal performance of the device could be 
compromised as a result. Such coarse screen may not even wick properly under 
nominal use. Sensitivity to acceleration was found to be low, where as flow rate and 
associated frictional loses predominated. Additional requirements definition and 
assessment in this area is needed. 

- Long-duration pressure control tests are required to understand the full transient 
nature of pressure control with a passive TVS heat exchanger system. The supply tank 
never is allowed to reach a steady state condition for a nominal heat flux test. Such a 
test is required for many in-space storage applications. Current tests occur in highly 
transient thermal situations. 

- Nominal and overflow TVS flow rate conditions need to be further defined for the 
transient thermal situation that exists with tank pressure control and for LAD 
subcooling. Recent supply tank TVS analysis demonstrated a tremendous system 
inertia and a need for additional analysis and understanding in this area so that proper 
testing can be suggested, as well as for proper flow rate control and determination. 

- All stratification tests are currently performed under as close to quiescent conditions as 
are possible to obtain (within the limits of ACS and propulsion system design). A 
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str atification test under nominal S/C ACS operation would be useful in demonstrating a 
truer to life situation. 

- The process of tanlc pressure control/ pressure reduction/ LAD conditioning, using the 
TVS in d 11 ™"* stratifi catio n and can be influenced by other stratification occurring in the 
tank.’ Such effects will be difficult to ascertain and affect to such a degree the 
understanding and analytical determination of the process that it may be impossible to 
analytically correlate the tank pressure control using the TVS, with analytical models. 

- All mixing for destratification is currently performed with mixer pumps. Mixing 
linin g normal ACS or some defined thruster firing should be investigated. 

- Increasing the nominal heat flux value for the receiver tanks to 1.56 w (0.5 Btu/hr-ft^) 
resulted in excessive use of LH2 for chilldown and pressure control that could be used 
better elsewhere. Assessments of TVS/MU capabilities showed that a value closer to 
0.63 w (0.2 Btu/hr-ft 2 ) is attainable and cost effective. 
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4.0 EXPERIMENT SUBSYSTEM DEFINITION 

The COLD-SAT Experiment Subsystem is composed of the following major elements: 

• liquid hydrogen storage and supply tank 

• receiver tank 1 

• receiver tank 2 

• gaseous press urant storage and pressurant control 

• fluid distribution and control 

• experiment control and monitoring 

• instrumentation 

The functional requirement of the experiment subsystem is to provide the capability to perform the 
required experiments, tests and demonstrations of the experiment set which was defined in Section 2. 
This will be accomplished with the configuration defined in the following sections 

4.1 Experiment Subsystem Evolution Overview 

The experiment concept definition became the design driver for the entire spacecraft approach due to 
the size constraints imposed by the payload fairing and the need to integrate the spacecraft systems 
around the experiment subsystem tankage. Due to this limitation it quickly became apparent that it was 
impractical to attach an experiment subsystem package directly to an existing spacecraft bus. In 
evolving the experiment concept, an experiment set defining experiment requirements was assembled 
and included an allocation of technology requirements to one or more of the tankage elements of the 
approach. This exercise determined the adequacy of a three tank (supply and two receiver tanks ) 
design and led to the development of the design concept for each tank. A point of departure was thus 
created to satisfy the experiment set When the tankage design was integrated with gas pressurization, 
plumbing and valving, sensor instrumentation and experiment control, an initial experiment concept 
was developed which was iterated and refined over the duration of the program to meet changing 
experiment set needs. The parallel development and refinement of the experiment set for both Class I 
and Class II experiments and the detailed testing required for each experiment class resulted in the 
evolution of requirements, experiment, and supporting spacecraft subsystems into the COLD-SAT 
satellite and COLD-SAT system. Certain experiment subsystem features and design considerations 
have been recommended for incorporation into the COLD-SAT concept above and beyond those 
requirements provided in the SOW or at the Kick-off conference. Many of these recommendations 
became a part of the baseline. 

Figure 4.1-1 provides an integrated experiment schematic showing the major elements of the design in 
a simplified form, along with the interrelationships of these elements which are required to satisfy the 
detailed initial experiment set. Table 4.1-1 provides a listing of the major features of the initial 
experiment subsystem as it was configured for the Concept Review (CR). The following provides a 
summary definition of major subsystem elements as configured for the Concept Review: 

CR Supply Tank - This tank is vacuum jacketed (VJ), 6.15 m^ (217 ft^) capable of holding 413 kg 
(9 1 1 lbs) of LH2 at 95% full. The tank has a diameter of 239 cm (90 in) and a length of 227 cm (90 in) 
to completely utilize the available space in the payload fairingA. 82.6 cm (32.5 in) barrel section for the 
PV having a 208.3 cm (82 in) diameter connects to elliptical, square root of 2, domes. The pressure 
vessel (PV) contains a total communication LAD with an outlet at the bottom of the tank. A 
vent/pressurization penetration which feeds directly into the tank via a diffuser is located at the opposite 
end. Two spray systems are provided through which liquid can be introduced from a mixer pump to 
provide mixing of the bulk fluid. The tank contains slosh baffles at yet to be determined fill heights for 
fluid dynamic investigations. Return fluid from either receiver tank can be introduced into the radial or 
axial spray for increased top-off potential and minimizing residuals during receiver to supply tank 


4-1 


transfers. An internal thermodynamic vent system (TVS) heat exchanger (H30 routed on the LAD and 
on other critical surfaces is provided to cool the bulk fluid, control tank pressure and provide 
subcooling to the LAD and outlet fluid. The TVS HX1 is then routed to a vapor cooled shield (VCS) 
located between the PV and the VJ. A second TVS HX2 is routed directly to the VCS. Para-to-Ortho 
conversion is provided in the TVS HX. A GHe vacuum degradation system is used to vary the tank 
heat flux for pressure control experiments is provided on the VJ. A hot spot heater at the vent is 
to investigate high localized heating phenomena. Multi-layer msidauon (MLI) is located 
between the VCS and the PV, as well as between the VCS and the VJ. All plumbing penetrations 
from the PV are routed internal to the VJ and exit at the girth ring area. Oudet components are 
sandwiched between the PV and the VJ with component access provided for contingency maintenance. 
The PV connects to the VJ with a strut suspension system. LH2 is loaded on the ground before launch 
and provides the total LH2 mission budget The tank has a mass gage to determine liquid quantity. 
The design of this tank was intended to represent a scaled down version of an earth-to-orbit tanker to 
evaluate the integrated thermal performance c h a r acterization of the configuration. 



Figure 4.1-1 Concept Review Experiment Subsystem Schematic 


Table 4.1-1 Concept Review Experiment Subsystem Features 
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CR Receiver Tank 1 - Receiver tank 1 is an insulated, non- vacuum jacketed, 1.2 m^ (42.6 ft ) tank 
capable of holding 77 kg (170 lbs) of LH2 at 95% full. To maximize the science of characterizing a 
single nozzle in a tank with a L/D close to 2, the length was selected to be 183 cm (72 in) with a 
diameter of 102 cm (40 in). The barrel section of the PV is 81.3 cm (32 in) long. The dome ends are 
spherical a nd use the same forgings and tooling as receiver tank 2. The M/V is 4.9 and the L/D is 1.8. 
The PV ranminc a LAD feeding an inlet/outlet penetration. A vent/pressurization penetration is routed 
from the vent end to the girth area for exiting die PV. This design arrangement provides for minimal 
clearance at the tank ends and allows for a tighter packaging arrangement. Axial and tangential spray 
systems are provided for chilldown and no-vent fill testing. An internal tank TVS HX routed on the 
LAD and on other critical surfaces is provided to cool the bulk liquid. This HX is then routed to dual 
VCS's. mt.t is located between the PV and the VCS1, between VCS1 and VCS2, and outside the 
VCS. A second TVS HX2 is routed directly to the dual VCS (first to VCS1 and then to VCS2). Para- 
to-Ortho conversion is provided in the TVS HX. Tank chilldown can also be accomplished by 
introducing chilldown fluid into the TVS HX mounted to internal tank components. A wall mounted 
tank warm-up heater is used for establishing initial conditions for multiple chilldown tests. The tank 
has a mass gage to determine liquid quantity. The tank is supported to the S/C structure with 8 
alumina-epoxy struts. The design of this tank was intended to represent a scaled down version of an 
on-orbit depot to evaluate the integrated thermal performance characterization of the configuration. 

CR Receiver Tank 2 - This tank is an insulated, non-vacuum jacketed 0.55 m^ (19.4 ft3) tank capable 
of holding 35 kg (77 lbs) of LH2 at 95% full. The tank is almost spherical 102 cm (40 in) in diameter 
with a minimal girth ring section. The M/V is approximately 4.4 and the L/D is 1. The PV does not 
contain a LAD but has a simple screen/plate baffle at the outlet to minimize residuals during settled 
expulsions and prevent vapor intrusion. A combined vent/pressunzation penetration is routed to the 
girth ring ( in a similar manner to receiver tank 1) to provide for minimal clearance at the vent end. The 
PV contains an exterior wall mounted TVS HX (no VCS) for pressure control and an internal type 
fluid mixer (type TBD). Axial, radial, and tangential spray systems are provided for chilldown and no- 
vent fill testing. An optimized MLI blanket surrounds the PV. Tank chilldown can also be 
accomplished by introducing chilldown fluid into the TVS HX. A wall mounted tank warm-up heater 
is used for establishing initial conditions for multiple chilldown tests. Support is provided to S/C 
structure by two trunnion mounts. The design of this tank was intended to represent a scaled down 
version of an OTV tank to evaluate the integrated thermal performance characterization of the 
configuration. 

CR Pressuriyation - Pressurant storage is provided by six 63.5 cm (25 in) diameter 0.12 m^ (4.18 
ft 3 ) tanks pressurized to 20670 kN/m 2 (3000 psia) on the ground prior to flight Four tanks store 
7.3 kg (16 lbs) of GH2 while the remaining two contain 1 1.4 kg (25 lbs) of GHe. Either pressurant 
ran be used for receiver tank pressurization while only GH2 will be used for the supply tank. The 
GH2 tanks can be recharged on-orbit using residual receiver tank LH2 and allowed to warm-up to 
meet the GH2 pressurant needs. Fixed regulators control delivered pressurant to 345 kN/m 2 (50 
psia). Pressures less than this maximum are controlled by tank isolation valves. Manual GH2 and 
GHe servicing is provided. An additional supply tank GH2 pressurization option is to autogenously 
pressurize through a pumped vaporizer using transfer line LH2. 

CR Fluid Distribution - Experiment tankage is interconnected with a common transfer line and back 
pressure and free vent line plumbing and associated components and instrumentation. A transfer 
line/vent by-pass is provided at both the supply tank and receiver tank end of the system so that 
transfer line chilldown can be accomplished using fluid from any tank.. Ground fill/drain and vent 
needs of the supply tank are also provided. 

- CR Experiment Control and Monitoring - Control and data handling of the experiment and its 
subelements is managed via Remote Interface Units (RIUs) which receive commands from the 
spacecraft Tracking, Telemetry, and Command (TT&C) subsystem and operate needed functions. 
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Instrumentation and sensor data is also collected via the RIUs and provides the data to the TT&C for 
processing or downlinking. 

n? Instrumentation - Instrumentation required to monitor the Class I and Class II experiments 
consists of temperature, pressure, flowrate, valve position, liquid/vapor detection, mass gaging, and 
fluid quality discrimination measurements required to monitor specific experiment needs. Table 4. 1-2 
provi des a s ummar y of these devices and compares sensor evolution to the PRR configuration . 

Table 4.1-2 Experiment Subsystem Instrumentation Evolution 


Type 

Supply Tank 

RCVRTK1 

RCVRTK2 

Press VPwr 


CR 

PRR 

CR 

PRR 

CR 

PRR 

CR 

PRR 

Temperature 

110 

112 

92 

81 

65 

65 

36 

34 

Pressure 

5 

4 

4 

3 

3 

3 

23 

25 

Flowrate 

2 

1 

2 

1 

2 

1 

7 

9 

T.iqnid level 

24 

24 

8 

8 

4 

4 

- 

- 

Valve Position 

40 

20 

20 

21 

20 

22 

24 

9 

Acceleration 

9 

3 

- 

- 

3 

3 

- 

- 

Power/Current 

6 

10 

3 

- 

6 

2 

• 

3 


Following the Concept Review, refinements, modifications and changes to the experiment subsystem 
were made that resulted in several iterations to the experiment subsystem approach and configuration. 
Figure 4.1-2 provides an integrated experiment schematic showing the major elements of the design in 
a simplified form, along with the interrelationships of these elements which are required to satisfy the 
prr experiment set. Table 4.1-3 provides a listing of the major features of the refined 
experiment subsystem as it was configured for the Preliminary Requirements Review. An updated 
configuration was presented at the Preliminary Requirements Review and included the following 
definiti on of major subsystem elements: 



Lie m 


Figure 4.1-2 Preliminary Requirements Review Experiment Subsystem Simplified Schematic 
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Table 4.1-3 Preliminary Requirements Review Experiment Subsystem Features 




Receiver Tank 2 

r r — 

Other 

Transfer Line 

Pressure Vessel 

Pressure Vessel 

Pressure Vessel 

GHe Storage 

-LAO 

- LAD 

-Outlet Baffle 

GH2 Storage 

LH2 FlVDran 

-Rattt Spray 

-Axial Spray 

• Axial Spray 

Regulation 

GH2 Bottle Recharge 

-Am* Jet 

- Tangential Spray 

- Racial Spray 

Distribution 

Back Pressure Vent 

- Internal TVS HX1 

-Internal TVS HX1 

- Tangential Spray 

Isolation 

- Flowmeters 

- Hot Spot Healer 

Instrumentation 

- Ruid Mbosr 

Relief Protection 

- Check V^ee 

Instrumentation 

Single VCS 

Instrumentation 

GH2 and GHe Ground HI 

Free Vent 

Vacuum Jacket 
-VCS 
-TV3HX1 

- Expo se VJ to apace 
-MU Blankets 

- Thermal Control Shield 
• Mixer pumps 

- Compact Heat Exchanger 
Mass Gage 

Pressure Relief 

-TV3HX1 
MU Blankets 
Maas Gage 

Pressure Relief 

WaITVS HX1 
MU Blanket 
Warm Up Heeler 
Pressure Relief 

Instrumentation 

-Crossover 
- Flowmeter 
Instrumentation 


PRR Supply Tank - This tank is vacuum jacketed (VJ), 6.15 m3 (217 ft3) capable of holding 413 kg 
(911 lbs) of LH2 at 95% full. The tank has a diameter of 239 cm (94 in) and a length of 227 cm (90 in) 
to completely utilize the available space in the payload fairing. A 63.5 cm (25 in) barrel section for the 
internal PV having a 218 . cm (86 in) diameter connects to elliptical root 3 dome ends. The pressure 
vessel (PV) contains a total communication LAD with an outlet at the bottom of the tank. A 
vent/pressurization penetration which feeds directly into the tank via a diffuser is located at the opposite 
end. Two spray systems are provided through which liquid can be introduced from a mixer pump to 
provide mixing of the bulk fluid. Rerum fluid from either receiver tank can be introduced into the 
radial or axial spray for increased top-off potential and minimizing residuals during receiver to supply 
tank transfers. The tank contains slosh baffles at yet to be determined fill heights for fluid dynamic 
investigations. An internal thermodynamic vent system (TVS) heat exchanger (HX) routed on the 
LAD and on other critical surfaces is provided to cool the bulk fluid, control tank pressure and provide 
subcooling to the LAD and outlet fluid. The TVS HX is then routed to a vapor cooled shield (VCS) 
located between the PV and the VJ. A thermal control shield (TCS) covered with assorted heating 
elements which are used to vary the tank heat flux for pressure control experiments is provided just 
outside the PV. Multi-layer insulation (MLI) is located between the TCS and the VCS, as well as 
between the VCS and the VJ. All plumbing penetrations from the PV are routed internal to the VJ and 
exit at the girth ring area. On-orbit the annular vacuum region can be exposed to the space vacuum by 
operating an ordnance valve. Outlet components are sandwiched between the PV and the VJ with 
component access provided for contingency maintenance. The PV connects to the VJ with a strut 
suspension system. LH2 is loaded on the ground before launch and provides the total LH2 mission 
budget The tank has a mass gage to determine liquid quantity. 

PRR Receiver Tank 1 - Receiver tank 1 is an insulated, non-vacuum jacketed, 1.2 m3 (42.6 ft3) tank 
capable of holding 77 kg ( 170 lbs) of LH2 at 95% full. The length is 183 cm (72 in) with a diameter 
of 102 cm (40 in). The M/V is approximately 5 and the L/D is 1.8. The PV contains a LAD feeding an 
inlet/outlet penetration. A vent/pressurization penetration exits the vent at the tank top. Axial and 
tangential spray systems are provided for chilldown and no- vent fill testing. An internal tank TVS HX 
routed on the LAD and on other critical surfaces is provided to cool the bulk liquid. This HX is then 
routed to a VCS. MLI is located between the PV and the VCS and outside the VCS. The tank is 
supported to the S/C structure with 8 composite struts. 

PRR Receiver Tank 2 - This tank is an insulated, non-vacuum jacketed 0.55 m3 (19.4 ft3) tank 
capable of holding 35 kg (77 lbs) of LH2 at 95% full. The tank is almost spherical 102 cm (40 in) in 
diameter with a minimal girth ring section. The M/V is approximately 4 and the L/D is 1. The PV does 
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not contain a LAD but has a simple screen/plate baffle at the outlet to minimize residuals during settled 
expulsions and prevent vapor intrusion. A combined vent/pressunzation penetration exits at the 
SS^nA ThTpV conSins an exterior wall mounted TVS HX (no VCS) for pressure control 
A^nai radial, and tangential spray systems are provided for chilldown and no-vent fill testing. An 
optimized MLI blanket surrounds the PV. Tank chilldown can also be accomplished by introducing 
chilldown fluid into the TVS HX. Support is provided to S/C structure by two trunnion mounts. 


PRR Pressnri-yarinn - Pressurant storage is provided by seven 63.5 cm (25 in) diameter 0.12 m3 (4.18 
ft 3 ) tanks pressurized to 20670 kN/m 2 (3000 psia) on the ground priw to flight. Five tanks store 9.1 
kg (20 lbs) of GH2 while the remaining two contain 1 1.4 kg (25 lbs) of GHe. Either pressurant can be 
used for receiver tank pressurization while only GH2 will be used for the supply tank. Fixed 
regulators control delivered pressurant to 345 kN/m^ (50 psia). Pressures less than this maximum are 
controlled by tank isolation valves. 

PRR Fluid Distribution - Experiment tankage is interconnected with a common transfer line and back 
pressure and free vent line plumbing and associated components and mstromentation. A transfer 
line/vent by-pass is provided at the receiver tank end of the system. Ground fill/drain and vent needs 
of the supply tank are also provided. 

PRR Experiment Cont ml and Monitoring - Control and data handling of the expert men tandits 
subelements is managed via Remote Interface Units (RIUs) which receive commands from the 
spacecraft Telemetry, Tracking, and Command (TT&C) subsystem and operate needed fimenons. 
Instrumentation and sensor data is also collected via the RIUs and provides the data to the TT&C tor 
processing or downlinking. 

PRR Instrumentation - Instrumentation required to monitor the Class I and Class II experiments 
consists of temperature, pressure, flowrate, valve position, liquid/vapor detection, mass gaging, and 
fluid quality discrimination measurements required to monitor specific experiment needs. Table 4. i-J 
provides a summary of these devices and compares sensor evolution from the CR configuration . 


By comparing Tables 4.1-1 and 4.1-3 the major changes to the experiment subsystem configuration 
become evident Justification for most of these modifications were driven by the desire to reduce 
complexity and simplify the approach, reduce the need for the development of new components or 
processes and, thereby, reduce the overall cost of the approach. 

After the PRR additional changes and refinements to the experiment system were made . The rest of 
section 4 describes the finalized experiment subsystem configuration which resulted from the study 
and the supportive analyses that were conducted to define the experiment processes being 
accomplished. Section 1 already provided a summary description of the finalized experiment 
subsystem major elements and features. Figure 4.1-3 shows the finalized baseline experiment 
subsystem integrated schematic and provides the interrelationship of the major elements to one another, 
as well as the important design features of each. Additional details of each of the elements is provided 
in the following sections. 
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4.2 Su pply Tank 

The LH2 supply tank provides the liquid hydrogen storage capability for the COLD- SAT mission and 
consists of the following subelements: 

• Supply tank pressure vessel 

- Total communication Liquid Acquisition Device (LAD) for die tank outlet 

- Radial spray system 

-Axial jet (spray) 

- Internal tank TVS heat exchanger on the LAD 

- Vent line pressurant diffuser 

- Tank wall mounted heaters 

- Instrumentation rake 

- Instrumentation 

• Vacuum jacket 

- Vapor Cooled Shield (VCS) 

- VSC TVS heat exchanger ( routed from internal tank ) 

- Multi Layer Insulation (MLi) blankets 

- Expose VJ annulus to space environment ordnance valve 

- Compact Heat Exchanger (CHX) 

- Mixer Pumps 

- Support Straps 

- Instrumentation 

• Fluid distribution and control 

- TVS & CHX flow control 

- Outflow line isolation valving in the VJ 

- Vent line connection and isolation valving to the back pressure vent 

- Ground fill/drain & vent system connection and QD interface to the T-0 umbilical 

- Instrumentation 

The supply tank is a vacuum jacketed, 4.25 m 3 (150.4 ft 3 ) tank capable of holding 286 kg (630 lbs) of 
LH2 at 95% full. To completely utilize the available space in the payload fairing and maintain as low a 
center of gravity as is possible for the entire satellite, the tank was designed to be as wide as possible 
in diameter and as short as possible in length for the required volume. The tank has a diameter of 234 
cm (92 in) and a lengtii of 21 1 cm (83 in). A 35.6 cm (14 in) barrel section for the internal PV, having 
a 203.2 cm (80 in) diameter, connects to elliptical, square root of 2, dome ends. The PV contains a 
total communication LAD with an outlet at the bottom of the tank. A vent/pressurization penetration 
which feeds directly into the tank via a diffuser is located at the opposite end Two spray systems are 
provided through which liquid can be introduced from mixer pumps to provide mixing of the bulk 
fluid Return fluid from either of the receiver tanks can be introduced into the radial or axial spray for 
increased top-off potential and minimizing residuals during receiver to supply tank transfers. An 
internal tank TVS routed on the LAD is provided to cool the bulk fluid control tank pressure, and 
particularly to provide subcooling to the LAD. This TVS heat exchanger is then routed to a VCS 
located between the PV and the VJ. MLI insulation is located between the PV and the VCS, as well as 
between the VCS and the VJ where the majority of the insulation will be located. Thermal control 
heaters uniformly cover the pressure vessel with assorted heating elements which are used to vary the 
tank heat flux for pressure control and stratification experiments. All plumbing penetrations from the 
PV are routed internal to the VJ and exit at the girth ring area. Outlet components are sandwiched 
between the PV and the VJ with component access provided for contingency maintenance. The PV 
connects to the VJ with a strap suspension system. The tank is completely instrumented to provide 
necessary experimental data. The supply tank is loaded on the ground before launch and provides the 
total LH2 budget for the mission. 
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Figure 4.2-1 shows a cutaway view of the supply tank with major subelexnents identified. 



Figure 42-1 Supply Tank Design 

Figure 4.2-2 is the supply tank portion of the integrated experiment subsystem schematic. It is 
extracted to show the details associated with instrumentation locations, and/or groupings, control 
network functions, plumbing/flow routings, component configurations, internal arrangements, along 
with interfaces to vents, to the fill/drain line, and to the pressurization system. 

4.2.1 Pressure Vessel (PV) - This tank is an integrated cylindrical assembly consisting of a 4.25 m^ 
(150 ft3) 2219-T62 aluminum PV holding a quantity of 4019 liters (1060 gals) of LH2 at a maximum 
operating pressure of 482 kN/m^ (70 psia) when loaded to 95% full. The assembly consists of two 
square root of 2, ellipsoidal shaped, domes welded to a short equatorial barrel section 35.6 cm (14 in) 
long by 203 cm (80 in) diam eter The dome wall thicknesses are a minimum of 0.25 cm (0.10 in) with 
increasing thickness at the poles and at the attachment girth ring interface of 0.36 cm (0. 14 in). An 
increased thickness of 0.36 cm (0.14 in) is also provided at the 8 strap attachment locations on each 
dome. The barrel section has a constant wall thickness of 0.36 cm (0. 14 in). These wall thicknesses 
resulted from a 2.0 safety factor (derived requirement) imposed on the design yield point using a 
ma ximum analyzed pressure of 965 kN/m^ (140 psia). This configuration results in a leak before 
burst design. A requirement for design collapse pressure has also been incorporated into the design. 
The PV contains the following internal parts: 

Liquid Acquisition Device (LAD) - The PV contains a total communication LAD that interfaces 

at the poles of the tank (± X axis). It makes use of the surface tension forces produced at the 


4-9 



interface between the gas and liquid within the pores of a fine-mesh screen and is the key 
SSTteSSS gas-free emulsion of LH2 in the low-g space environment. The outlet 
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Figure 42-2 Supply Tank Schematic 

end is fixed bv a welded stainless steel to aluminum bi-metallic transition tube between the 
acquisition device and the PV. Four 7.6 cm x 1.27 cm (3 in x 0.5 in) continuous stainless 
steel channels manifolded at the outlet make up the configuration which is shown in Figure 
4.2-3. The channels are truncated at the top of the tank, terminating the flow passage such that 
the four channels join at the top of the tank to provide rigidity and support The channels are 
termi nated at the top to prevent exposure of the screen to the tank ullage dunng the ground 
loading and launch phase of the mission. The 128 x 905.5 wires/cm (325 x 2300 wires/inch) 
stainless steel double Dutch twill screen is welded to the channel side facing the tank wall and 
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is backed up by perforated plate for structural support. This configuration provides for 
continuous screen continuity within each channel to maintain the necessary wetting and 
wicking characteristics near the PV wall that result in high expulsion efficiencies estimated to 
be 99.5% for the supply tank and high resistance to breakdown. Attachment to the PV is 
provided at the top and bottom of the barrel section using slip fit clips to allow for needed LAD 
movement across the required thermal range. 



FOUR CHANNELS USING 325 X 2300 FINE MESH SCREEN 
BACKED WITH 50% OPEN PERFORATED PLATE 

CHANNEL DIMENSIONS: 3" X .5" X 97" 

EXPULSION EFFICIENCY: -99.5% 


Figure 42-3 Supply Tank LAD Configuration 

Radial Snrav System - This system of ten 0.159 cm (0.0625 in) diameter orifice sized spray 
nozzles are located on a radial standpipe which is off-set from the tank center line so as to 
minimize interference with the spray action from the axial jeL They are evenly located along 
the standpipe and symmetrically spaced at 36° to provide uniform coverage to optimize ullage 
cooling during back transfers from the receiver tanks to enhance supply tank top-off. Fluid 
from the mixer pump(s) can also be routed to these nozzles for tank fluid mixing and 
destratification tests. 

Axial Jet Spray - The prime mixing mode for the supply tank for purposes of reducing thermal 
stratification will utilize a single 2.54 cm (1 in) diameter jet which is located at the outlet end of 
the tank along the tank centerline with the spray directed towards the vent end. Mixer pump 
flow between 18.1 to 49.9 kg/hr (40 to 1 10 lb/hr) can be routed to the jet so that mixing can be 
eval uate d for both geysering and non-geysering conditions. Flow rate is controlled by varying 
the speed of the pump. 

LAD Mounted TVS HX - The LAD does not control the location of the ullage within the tank 
in a low-g environment, so venting of the tank (controlling tank pressure) in the conventional 
manner of opening the tank vent is not possible. The TVS HX internal to the tank mounted on 
the four LAD channels provides a means for relieving the tank pressure increase due to heat 
inp ut The TVS HX will be utilized to remove heat from the cryogen in the COLD-SAT supply 
tank. This HX can be used in two modes. The first is labeled nominal and is a situation where 
the heat removal rate (i.e. line flow rate) is equal to the heating rate of the fluid. This case will 
be u tilized to main tain a constant tank pressure. The other operational mode will be where the 
flow rate exceeds the nominal case to reduce tank pressure. As of now, the TVS HX will only 
be utilized in the nominal mode, but the capability for the excess flow must be accommodated 
for in the design. 

In the TVS, LH2 is withdrawn from the LAD and passed through Joule-Thomson expanders. 
This chilled fluid at a reduced pressure is then routed into a manifold that diverts the flow into a 
0.64 cm (0.25 in) diameter heat exchanger tube mounted to the back side of each of the four 
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LAD ffhamwls. The vented fluid is used as a refrigerant to reduce or maintain the net heat input 
to the tank based on TVS flow adjustment. At the vent end of the tank the fluid entere another 
manif old where the flow comes back together where it exits die PV for routing to the VCS. 

The other function for the HX will be to ensure vapor free operation of the tank Liquid 
Acquisition Device (LAD). By routing the HX tubing properly over die surface of the LAD, 
thecooling capability of the fluid can be used to condense any vapor bubbles that might form in 
the LAD. These two requirements provide a complication in the design, since to provide 
cooling to the entire LAD might present a different flow rate than the heat removal/pressure 
control requirement would call for. 

v-m T .in* Pmssnmnt Diffuser - The pressurant diffuser at the end of the vent line is designed to 
disperse inco min g GH2 pressurant and to prevent direct pressurant impingement on the Liquid. 
It is important, for optimized use of the fixed quantity of stored GH2 pressurant, not only to 
introduce pressurant at a warm condition, but also to prevent pressurant mixing into the liquid. 
The diffuser will also tend to retard migration of liquid out of the vent during settled vent tests. 


Pytemal Wall Mounted Heaters - Tank stratification is induced by external wall mounted 
surface heaters that provide both uniform and very low heating to establish heat fluxes of 
0.315, 0.95, and 1.9 w/m 2 (0.1, 0.3 and 0.6 Btu/hr-ft 2 ). Heater blankets that provide heating 
densities of 0.315 to 1.9 w/m 2 ( 0.03 to 0.18 w/ft 2 ) are required. Total heater power for these 
cases varies from 4.14 to 24.8 watts. 


Instrumentation Rake - A composite tube instrumentation rake is attached to the back side of the 
LAD channels at the 95% and 5% full levels, respectively. It provides mounting for tank fluid 
temperature sensors at various locations with respect to both fill level and position within the 

fluid. 


4 2.2 Vacuum Jacket ("VJ) - An annular vacuum region of 15.2 cm (6 in) surrounds the pressure vessel 
and is provided by a cylindrical vacuum jacket made of 2219-T62 aluminum. The assembly consists 
of two square root of 2, ellipsoidal shaped, domes welded to a short equatorial baiTel section 45.7 cm 
(18 in) long by 234 cm (92 in) in diameter. The dome wall thicknesses are 0.51 cm (0.22 in) with 
similar thickness at the poles and at the attachment girth ring interface. The barrel section also has a 
constant wall thickness of 0.51 cm (0.22 in) and has added strength provided by 8 spacecraft 
structural longerons and girth ring supports. These wall thicknesses resulted from a 1.5 safety factor 
(derived requirement) imposed on the design yield point using a maximum analyzed collapse pressure 
of 101.3 kN/m 2 (14.7 psia). The lower dome contains a penetration for contingency component 
a cces s. The VJ contains the following intemaVextemai parts: 


Vanor Tooled Shield (VC^ & TVS HX - The heat flux requirement has set the nominal TVS 
flow rate to 0.157 kg/hr (0.071 lb/hr). This flow after it exits the internal tank HX is routed 
onto the VCS using the same sized tubing. At this point the fluid in the HX is all cold gas 
which is used to intercept heat on the VSC before it reaches the ta nk . The VCS is 6061-T62 
aluminum and is placed so that 38% of the insulation thickness is below it. 

Mnlri T aver Inflation fMlD - The thermal design of the COLD-SAT supply tank MLI system 
was based on achieving a nominal heat leak into the tank with the TVS off. Via the use of a 
Thermodynamic Vent System (TVS), a Vapor Cooled Shield (VCS), and Mulo-Layer 
Insulatio n (MLI) the heat flux into the tank can be controlled to whatever is required. The heat 
flux value for the COLD-SAT supply tank was set at 0.315 w/m 2 (0. 1 Btu/hr-ft 2 ) per direction 
from NASA LeRC. This value resulted in a required tank heat leak of 43.2 w (13.7 Btu/hr). 
Another im posed requirement was that the heat transfer into the cryogen via conduction paths 
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should be less than 10% of the total. The two customer directions plus the functional 
requirement to control tank pressure were the primary design drivers for the MLI system. 

The above were used to determine the derived design requirements of the tank insulation 
system. Analysis of the tank lockup case showed that the desired heat flux can be obtained 
with 1.9 cm (0.75 in) of MLI on the inner tank and 3.18 cm (1.25 in) on the VCS. The 
conduction can be limin-H to -7% of the total heat leak via the use of thermal intercepts between 
the VCS and the tank supports and plumbing. 

The MLI configuration consists of 3.8 x 10' 3 mm (0.15 mil) double aluminized Mylar 
radiation shields separated by two Dacron B4A net spacers, assembled to a layer density of 24 
reflectors/ cm (60/in). 

Expose VJ Annulus to Space Environment - Once the COLD-SAT is on-orbit an ordnance 
valve will be actuated open to expose the vacuum jacket annular region to the hard space 
vac uum This will aid in thermal performance of the system should small leaks develop from 
all of the components and fittings located in the annulus. 

Compact Heat Exchanger (CHX) - The functional requirement of the compact heat exchanger 
(CHX) system is to provide active pressure control for the supply tank and thermal subcooling 
to outflow fluid. The CHX must provide sufficient heat removal capacity for a heat flux of 1.9 
w/m^ (0.6 BTU/ft^-hr), which is 6 times the nominal tank heating rate and is equivalent to 
265 w (84 BTU/hr). It was assumed that the CHX should provide 34.5 kN/m^ (5 psi) of 
subcooling to the outflow at 45.4 kg (100 lbm/hr), which is equivalent to 1701 w (540 
BTU/hr) of heat removal. The CHX system analysis produced the design requirement of a 3 m 
(10 ft) concentric tube heat exchanger. with a 2.54 cm (1.0 in) outer tuber and 1.6 cm (0.625 
in) inner tube. The two phase fluid flows thru the inner tube at a rate of 0.73 to 1.45 kg/hr 
(1.6 to 3.2 lb/hr). The CHX is mounted to the bottom of the PV so that it is thermally shorted 
to the tank as shown in Figure 4.2-4. 



Figure 42-4 Supply Tank Vacuum Annular Region Design Details 
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Mixer Png - ^^° r =otSld“o a°^S 

SiS “r^ con^^Th^Se pump can opiate at different 
soeeds Thisis accomplished by varying the ac power to the motor. The ac power is provided 
STTmntroller S25S to the pump. The controller contains inverters to generate ac power 
nnuj^r available on COLD-SAT. The pump and motor housing is completely 
welded to provide a hermetically sealed package which could be placed inside the supply tank 
Kaffir ^Sousing is P alutSmm whereas the 

impeller housing are stainless steel, so bi-metallic unions anmdaded m ‘Jte design. Tte motw 
King is aluminum to promote heat dissipation via conduction to 
is important to^revent vapor formation in the momr 
«al and cavitate the pump. The pump is designed so that the impeller, shaft, ana mo 
cavities are flooded with LH2. There are labyrinth seals separating the motor and impeller, but 
S^SSonlym prevent large flows along the shaft. LH2 can slowly migate across 
the^seal The impeller has a partial emission design which permits adequate efficiency at 
IdaSdy tow S peeds. The impeller also features a screw type mducer at the rnlet to 

provide low NPSH operating capability. 

The characteristics for the pump are shown in Table 4.2-1 for the three operating modes. The 
nhvsicai characteristics of the pump are shown in the first three lines and remain constant for all 
modes of operation. The operating characteristics are listed below the physical charatensncs. 
These includefor each mode the head rise, flow rate, head coefficient (y), flow coefficient (j), 
actual speed, specific speed, and pump efficiencies. It can be seen that the pump efficiency is 
over 40% for all modes, so the impeller design is adequate for all modes of °P^|ion. TTie 
overall efficiency which includes pump and motor efficiencies, is lower than the pump 
effidendes because of the motor conffibution. The lowest overall efficiency occurs in the low 
mixing mode, but this does cause excessive heating because of the low power level required 
for mixing The table also presents the motor characteristics. The input power vanes from 6.0 
tiie low flow mixingto 80.9 watts for transfer. These power levels are broken out 
intopump and motor power dissipation at the bottom of the table. The worst case heatinputis 
for mixing where 36.32 watts are dissipated in the motor and 44.59 are dissipated in the pu p. 
Motor heat dissipation is shown for an ambient temperature condition. Motor operation at LH2 
conditions is expected to result in an order of magnitude less heat dissipauon. 



Figure 42-5 LH2 Mixer/Transfer Pump Design Details 
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Table 42-1 LH2 Mixer/T ransfer Pump Characteristics 



LOW MIXING 

HIGH MIXING 

TRANSFER 

PUMP: 

IMPELLER DIAMETER (IN) 

Z2 

2J2 

2 4 

THROAT DIAMETER (IN) 

0.169 

0.169 

0.169 

BLADE HEIGHT (IN) 

0.204 

0.204 

0.204 

HEAD (FEET) 

16.3 

65.0 

260.1 

FLOW RATE (LBM/HR) 

55 

110 

200 

HEAD COEFFICIENT 

0.682 

0.682 

0.687 

FLOW COEFFICIENT 

0.800 

0.800 

0.729 

SPEED (RPM) 

2890 

5770 

11,500 

SPECIFIC SPEED 

20.9 

204 

19.9 ! 

PUMP EFFICIENCY (%) 

41.4 

434 

43.9 

OVERALL EFFICIENCY (%) 

2.5 

16.8 

24.1 

MOTOR: 

VOLTAGE (VAC 3-PHASE 400 HZ) 

51.0 

102.0 

200.0 

INPUT POWER (WATTS) 

6.0 

16.6 

80.9 

MOTOR EFFICIENCY (%) 

13.5 

37.3 

55.1 

HEAT INPUT TO SYSTEM: 
MOTOR (WATTS) 

mam 

10.41 

36.32 

PUMP (WATTS) 


6.19 

44.59 

TOTAUWATTS) 

■■ 

16.60 

80.91 


- The PV is supported to the VJ by 16 composite tension support straps. The 
straps are mounted to thickened areas on the PV domes and to the VJ barrel section. This 
allows for the installation of the completed PV, VCS and MLI including all plumbing 
penetrations that interface with the VJ barrel to be assembled and installed prior to the closure 
of VJ dome to barrel section welds. 


4.2.3 Fluid Distribution and Control - Four plumbing penetrations exit the supply tank at the VJ barrel 
section. They all require isolation and control valving and instrumentation to contain and control the 
outflow and inflow of LH2 and GH2. Functions provided are as follows: 

TVS & CHX Flow Control - Flow in both the TVS and CHX is controlled by electrically 
operated on-off latching valves actuated by commands routed to RIU’s 1 1 to 14. Two flow 
control legs containing orificed restrictions provide the capability to regulate flow to three 
levels. TVS tubing is 0.64 cm (0.25 in) OD with a 0.17 cm (0.065 in) wall thickness. 
Associated components are all 0.64 cm (0.25 in) in size. The tubing after exiting the CHX is 
1.3 cm (0.50 in) OD with similar sized components. 

Outlet/Inlet Line - This 1.9 cm (0.75 in) OD line carries the LH2 from the tank LAD to the 
transfer line for routing to either receiver tank or to the vent system via the transfer/vent by- 
pass. Internal to the vacuum jacket LH2 from this line can be routed to the mixer pumps or to 
the two phase side of the CHX via a JT expander. 

Vent Line - The tank vent line is 2.5 cm (1.0 in) OD exiting the tank through similar sized 
relief devices to the ground vent interface. Vent isolation is provided by 1.3 cm (0.5 in) 
electrically operated valves that interface with the 1.9 cm (0.75 in) OD BP/Free vent. 
Pressurant is introduced into this line via 1.3 cm (0.5 in) sized pressurant valves. 

Ground LH2 Fill/Drain & Vent - The 1.9 cm (0.75 in) ground fill/drain QD at the T-0 umbilical 
interfaces with the LH2 ground servicing system and provides both fill and contingency drain 
capability for the tank. 
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Instrumentation 

details. 


The tank and associated lines are fully instrumented. See section 4.7 for 


A 3 Receiver Tank 1 




- Total communi cation LAD for the tank outlet 

- Axial spray system and associated flow control 

- Inward facing wall mounted circumferential spray system 

- Exter nal tank wall mounted TVS heat exchanger 

- Vent line pressurant diffuser 


- MLi blankets 

- Tank supports 


• Fluid distribution and control 

- Tank inlet/outlet 

- Back pressure and free vent system 

- Vent line 

- TVS flow control 

- Spray system flow control 

- Instrumentation 


of internal devices along * ^ the W is 9 1 cm (36 in) long. The 

rads are spherical and can ice the same forpngs jffSIT The PV^onains^oS 

ti • lUT t hi«nk-(*f fl 5 cm CIO in) or less] covers the entire tank. The tank is supported to 
£ smrerare^th 8 "composire Istruts. Figure 4.3-1 shows a cutaway view of the tank rad. 

major subelements identified. 

An integrated experiment subsystem schematic has been previorajy shown ^ d l O^The 

W «riatedMth i^'nw^fndudTtte^tde^hs^hStun^Marionloranons and/or groupings, control 
nwvmr^funcnons rad component relationships Interfaces rad. vents, 

fill/drain linestransfer lines, pressurization system and other system features are shown. 

A i i Pnawirr Vessel - This tank is an integrated cylindrical assembly consisting of a 1.13 m- 5 (40.2 
f.3 ) 2 SSSnum PV holding a qurauty of 1040 liters (274 gals) of LH2 a, a maxtmum 

operating pressure of 482 B«»l( (70 ip*> > when Uratted » '^^g^fj^y^rial barrel 

ffff &5££5 thicknesses are a minima of Oil “tata' “ 

S.SS5S ttaknesses resulted iron, a 2.0 safety factor 


4-16 



(derived requirement) imposed on the design yield point using a maximum analyzed pressure of 965 
kNAn^ (140 psia). This configuration results in a leak before burst design. A requirement for design 
collapse pressure has also been incorporated into the design. The PV contains the following 
intemal/extemal parts: 



Liquid Acquisition Device (LAD) - The PV contains a total communication LAD that interfaces 
at the poles of the tank (± X axis). It makes use of the surface tension forces produced at the 
interface between the gas and liquid within the pores of a fine-mesh screen and is the key 
element for subcrirical gas-free expulsion of LH2 in the low-g space environment The outlet 
end is fixed by a welded stainless steel to aluminum bi-metalic transition tube between the 
acquisition device and the PV. Four 7.6 cm x 1.27 cm (3 in x 0.5 in) continuous stainless 
steel channels manifolded at the outlet make up the configuration which is similar to the supply 
tank LAD design shown in figure 4.2-3. The channel flow passages terminate at the top of the 
tank such that the four channels structurally connect to provide rigidity and support. The 128 
x 905.5 wires/cm (325 x 2300 wires/inch) stainless steel double Dutch twill screen is welded 
to the channel side facing the tank wall and is backed up by perforated plate for structural 
support. This configuration provides for continuous screen continuity within each channel to 
maintain the necessary wetting and widting characteristics near the PV wall that result in high 
expulsion efficiencies estimated to be greater than 99% for this tank and high resistance to 
breakdown. Attachment to the PV is provided at the top and bottom of the barrel section using 
slip fit clips to allow for needed LAD movement across the required thermal range. This device 
is not configured to be able to be stressed or compromised by flowrate or acceleration. See 
section 4.9 for analysis regarding this requirement 
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Figure 43-2 Receiver Tank 1 Schematic 

Axial Sorav System - A large part of the investigations to be performed with this single no^le 
is to simulate the effect of nozzles mounted on a central radial spray stand pipe in a 3.66 m (12 
ft) ihsmeta tank. A nozzle with an orifice diameter of 0.4 cm (0.156 in) was selected to 
promote a hollow spray pattern with a minimal risk to clogging while producing small droplet 
sizes that result in droplet heating up to 90% of the saturation temperature for the contact time 
provided by the tank length and droplet velocity. Tests were desired for cases where liquid was 
away from the nozzle to collect at the vent end, as well as, where liquid was settled over 
the nozzle so that jet effects could be studied. Only the former could be incorporated into the 
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experiment set due to LH2 budget constraints. Use of the axial spray without settling 
acceleration will also be performed. The tank is centrally empty to accommodate these tests. 

Circumferential Sprav System - This spray system consists of 6 inward facing spray nozzles 
mounted on the circumference of the tank wall. They will be used for both chilldown and fill 
assessments. An extra wide angle type of nozzle spray pattern is desired to simultaneously 
direct the flow pattern both inward and along the wall. A nozzle with an orifice diameter of 
0.16 cm (0.0625 in) was selected to promote a 165° spray pattern while producing small 
droplet sizes that result in droplet heating up to 90% of the saturation temperature for the 
contact time provided by the tank diameter and droplet velocity. 

TVS Heat Exchanger - The LAD does not control the location of the ullage within the tank in a 
low-g environment, so venting of the tank (controlling tank pressure) in the conventional 
manner of opening the tank vent is not possible. The TVS HX is mounted external to the tank 
on the wall and provides a means for relieving the tank pressure increase due to heat input. 
The TVS HX will be utilized to remove heat from the cryogen in the receiver tank. This HX 
can be used in two modes. The first is labeled nominal and is a situation where the heat 
removal rate (i.e. line flow rate) is equal to the heating rate of the fluid. This case will be 
utilized to maintain a constant tank pressure where the TVS flowrate just balances the incoming 
heat leak. The other operational mode will be where the flow rate exceeds the nominal case to 
reduce tank pressure. In this mode the TVS flow rate will be increased by a factor of 2-3 to 
drop tank pressure by subcooling the tank contents. 

In the TVS, LH2 is withdrawn from the LAD and passed through Joule-Thomson expanders. 
This chilled fluid at a reduced pressure is then routed into a manifold that diverts the flow into a 
0.64 cm (0.25 in) diameter heat exchanger tube mounted to the tank wall exterior. The vented 
fluid is used as a refrigerant to reduce or maintain the net heat input to the tank based on TVS 
flow adjustment 

Vent Line* Pressurant Diffuser - The prcssurant diffuser at the end of the vent line is designed to 
disperse incoming GH2 or GHe pressurant and to prevent direct pressurant impingement on 
the liquid. It is important not only to introduce pressurant at a warm condition, but also to 
prevent pressurant mixing into the liquid for optimized use of the fixed quantity of stored GH2 
and GHe pressurant. The diffuser will also tend to retard migration of liquid out of the vent 
during settled vent tests and for ullage exchange transfers. 

MLI Blankets - The thermal design of COLD-SAT receiver tank 1 MU system was based on 
achieving a nominal heat leak into the tank with the TVS off. Via the use of a Thermodynamic 
Vent System (TVS) heat exchanger and Multi-Layer Insulation (MU) the heat flux into the 
tank can be controlled to whatever is required. The heat flux value for the COLD-SAT supply 
tank was set at 1.58 w/m^ (0.5 Btu/hr-ft 2 ) per direction from NASA LeRC. This value 
resulted in a required tank heat leak of 97.7 w (31 Btu/hr). This requirement plus the 
functional requirement to control tank pressure were the primary design drivers for the MLI 
system. 

The above were used to determine the derived design requirements of the tank insulation 
system. It was estimated that the desired heat flux can be obtained with no more than 2.5 cm 
(1.0 in) of MU on the tank. 

The MLI configuration consists of 3.8 x 10' 3 mm (0.15 mil) double aluminized Mylar 
radiation shields separated by two Dacron B4A net spacers, assembled to a layer density of 24 
reflectors/ cm (60/in). 
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Tank- Smroorts - Eieht composite tube support struts with aluminum end fittings connect the 

su PI X* structure. The stmts mount to cletus inchmnt 

flntags ou ^e w=l sect&T Figure 4*3-3 shows a top vtew of the tank mounted to the 
structure. 

Ed conwldie outflow and inflow of LH2 and GH2. Functions provtded are as foUows. 

tvs Flow Tontrol - Row in the TVS is controlled by electrically operated on-off latching 
vdveTamatS by commands routed to Rill’s 11 to 14. Two flow control legs conrnmng 
orificed restrictions provide the capability to regulate flow to three levels. TVS tubing is 0.64 
SggfSJS witha 0.17 cm (0 065 in) wall thickness. Associated components are all 0.95 

cm (0.375 in) in size. 

rww/Tniet T in<* . This 19 cm (0.75 in) OD line carries the LH2 from the tank LAD to the 
transfer line for routing to either the supply tank or to the vent system via the transfer/vent y- 

pass. 

Vent Line - The tank vent line is 1.3 cm (0.5 in) OD that connects to ventisok^ 

13 cm (0.5 in) electrically operated valves that interface with the 1.9 cm (0.75 in) OD BP/Free 
vent. Two orificed vent paths are provided to accomplish various rates of gas ve nong to 
accommodate vented fill tests that require restricted venting capability. Pressurant is introduced 
into this line via 1.3 cm (0.5 in) sized pressurant valves. 


<5nrav System Flow Control - Flow in the axial nozzle is controlled by electrically operated on- 
o^hinl vdve^ act uated by commands routed to RIlTs 1 1 to 14. Two flow control legs 
containing orificed restrictions provide the capability to regulate flow to three levels. 


Tncfrnmentation - The tank and associated lines are fully instrumented. See section 4.7 for 
details. 



Figure 43-3 Receiver Tank l Mourning Configuration 
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4.4 Receiver Tank 2 

Receiver tank 2 is one of two tanks that provide an initially empty container for on-orbit LH2 
chilldown, transfer and resupply evaluation and is composed of die following major subelements: 

• Pressure Vessel 

- Simple plate/screen baffle at the oudet 

- Axial spray system 

- Radial spray system 

- Tangential spray system 

- External wall mounted TVS heat exchanger 

- TVS heat exchanger chilldown 

- Vent line pressurant diffuser 

- MLI blanket 

- Warm-up heater 

- Trunnion support mounts 

• Fluid distribution and control 

- Inlet/outlet 

- Back pressure & free vent system 

- Vent line 

- TVS flow control 

- Spray system flow control 

- Instrumentation 

Receiver tank 2 is an insulated, non- vacuum jacket, 0.56 m3 (19.9 ft3) tank capable of holding 37 kg 
(81 lbs) of LH2 at 95% full. The tank is almost spherical 97 cm (38 in) diameter with a minimal 12.7 
cm (5 in) girth ring section. The M/V is approximately 2.1 and the L/D is 1.1. The PV does not 
contain a LAD but has a simple screen/plate baffle at the outlet to minimize residuals during settled 
expulsions and prevents suction dip and vapor intrusion. During inflow through the inlet, the baffle 
also serves to direct the flow towards the tank wall and not towards the vent at the opposite end. The 
vent penetration exits the tank at the dome pole. The PV contains an exterior wall mounted TVS heat 
exchanger (no VCS) for pressure control. Axial, radial, and tangential spray systems are provided for 
tank chilldown and fill/refill testing. An optimized MLI blanket of 2.5 cm (1.0 in or less) thickness 
surrounds the PV. The tank is supported to the spacecraft structure with 2 trunnion supports. The 
current relationship of M/V of the two receiver tanks is 1 and should be as close to 2 as possible. 
Adding weight to receiver tank 1 is also an option. More detailed analysis is required to trim weight 
from receiver tank 2. In addition, a better definition of the mass of components and tank internals is 
required. Since chilldown testing is now concentrated in receiver tank 2, the desire is to achieve as 
low a M/V ratio as possible for it. The tank is mounted within the MMS rectangular tube support 
structure of the spacecraft using tank support trunnions mounted to the structure. Figure 4.4-1 shows 
a cutaway view of the tank with major subelements identified. 

An integrated experiment subsystem schematic has been previously shown in Figure 4.1-3. The 
receiver tank 2 portion of this schematic has been extracted in Figure 4.4-2 to show the details 
associated with it. These include design details, instrumentation locations and/or groupings, control 
network functions and plumbing/flow routings and component relationships. Interfaces with vents, 
fill/drain lines, transfer lines, pressurization system and other system features are shown. 

4.4.1 Pressure Vessel - This tank is an integrated, almost spherical, assembly consisting of a 0.56 m3 
(19.9 ft3) 2219-T62 aluminum PV holding a quantity of 517 liters (136 gals) of LH2 at a maximum 
operating pressure of 482 kN/m^ (70 psia) when loaded to 95% full. The assembly consists of two 
spherical shaped domes welded to a 12.7 cm (5 in) long by 97 cm (38 in) diameter equatorial barrel 
section. The dome wall thicknesses are a minimum of 0.1 1 cm (0.045 in) with increasing thickness at 
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the poles and at the attachment barrel section interface of 0-25cm ( 0.10 Sewf actor 

wmsant wall thickness of 0.25 cm (0.10 in). These wall thicknesses resulted » ^Mfety facm 
(derived requirement) imposed on the design yield point using a maximum analyzed pressure of 
u.xt/j— 2 n 40 D sia) This configuration results in a leak before burst design. A requireinen gn 

pS haT^ twCTincorporated into the design. The PV contatns the followtng 

intemal/extemal parts: 



Figure 4.4-1 Receiver Tank 2 Details 

Sinmlc Plate/Screen Baffle - In order to keep the interior wails of this receiver tank "clean'' so 
SatpCTsistent fluid morion/flow patterns may develop, a total communication type LAD was 
not desired. Use of settling accelerations during both tank inflow and outflows dictated the 
tvoe of device that was needed to both accommodate inflow diffusion and minimize tank 
residuals during expulsions. These needs are accomplished by the use of a simple plate/screen 
baffle at the tank outlet. During settled tank outflows it prevents suction dip and resulung 
vapor intrusion. For settled vented fills and ullage exchange resupply, incoming fluid i l | 
directed towards the tank walls as to not directly impinge on the open vent line, bmee l vb 
fluid is withdrawn from the tank outlet for tank pressure control, this device cannot guarantee 
the quality of fluid to the JT expander. 

a rial Snrav Svstem - Two manifolded axial nozzles surrounding the radial spray stand pipe 
provide tire capability to spray axially along the tank centerline for the purpose ^contacting 
Vapor for condensation during tank filling. They will also be used for tank chil down. A 
nozzle with an orifice diameter of 0.32 cm (0.125 in) was selected to promote a hollow spray 
pattern with a minimal risk to clogging while producing small droplet sizes that result in droplet 
hearing up to 90% of the saturation temperature for the contact time provided by the tank length 

and droplet velocity. 
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Figure 4.4-2 Receiver Tank 2 Schematic 

Radial Sprav System - Six manifolded radial nozzles evenly spaced around (at 60° intervals) 
and along the length of the radial spray stand pipe provide the capability to spray radially 
perpendicular to the tank centerline for the purpose of contacting vapor for condensation 
during tank filling. They will also be used for tank chilldown. A nozzle with an orifice 
diameter of 0.16 cm (0.0625 in) was selected to promote a hollow spray pattern with a minimal 
risk to clogging while producing small droplet sizes that result in droplet heating up to 90% of 
the saturation temperature for the contact time provided by the tank diameter and droplet 
velocity. 

Tangential Sorav System - This system consists of 4 spray nozzles which penetrate the tank 
wall and direct incoming liquid into a spray pattern tangential to the inner wall surface. Since 
full flow is desired from these nozzles a diameter of 1. 1 cm (0.44 in) was selected to provide a 
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maximum flow area while still providing for a velocity increase at the nozzle exit to promote the 
desired tangential fluid motion. 


TVS Wear Fxchaneer - The LAD does not control the location of the ullage within the tank in a 
low-g envkonmenr so venting of the tank (controlling tank pressure) in the conventional 
manner of opening the tank vent is not possible. The TVS HX is mounted external to the tank 
on the wall and provides a means for relieving the tank pressure increase due to heat input 
The TVS HX will be utilized to remove heat from the cryogen in the receiver tank, inis nx 
can be used in two modes. The first is labeled nominal and is a attwnon where the heat 
removal rate (i.e. line flow rate) is equal to the heating rate of the fluid. This case will be 
to maintain a constant tank pressure where the TVS flowrate just balances the incoming 
heat leak. The other operational mode will be where the flow rate exceeds the nominal case to 
reduce tank pressure. In this mode the TVS flow rate will be increased by a factor of 2-3 to 
drop tank pressure by subcooling the tank contents. 


In the TVS, LH2 is withdrawn from the LAD and passed through Joule-Thomson expanders. 
This chilled fluid at a reduced pressure is then routed into a manifold that diverts the flow into a 
0.64 cm (0.25 in) diameter heat exchanger tube mounted to the tank wall exterior. The ve _£t^a 
fluid is used as a refrigerant to reduce or maintain the net heat input to the tank based on TVS 

flow adjustment 


TVS Wmt Exchanger Chilldown - Since the TVS heat exchanger tubing is in direct contact with 
the t^k wall , chilldown fluid can be introduced into it to access tank chiUdown using this 

technique. 


v*m T ine Pre^nmnt Diffuser - The pressurant diffuser at the end of the vent line is designed to 
disperse incoming GH2 or GHe pressurant and to prevent direct pressurant impingement on 
the liquid. It is important not only to introduce pressurant at a warm condition, but alsoto 
prevent pressurant mixing into the liquid for optimized use of the fixed quantity of stored GrL. 
and GHe pressurant. The diffuser will also tend to retard migration of liquid out of the vent 
during settled vent tests and for ullage exchange transfers. 


MM Blanket - The thermal design of COLD-SAT receiver tank 2 MU system was based on 
achieving a nominal heat leak into the tank with the TVS off. Via the use of a Thermodynamic 
Vent System (TVS) heat exchanger and Multi-Layer Insulation (MU) the heat flux into the 
tank can be controlled to whatever is required. The heat flux value for the COLD-SAT supply 
tank was set at 1.58 w/m 2 (0.5 Btu/hr-ft 2 ) per direction from NASA LeRC. This value 
resulted in a required tank heat leak of 56.7 w (18 Btu/hr). This requirement plus the 
functional requirement to control tank pressure were the primary design drivers for the ML1 

system. 


The above were used to determine the derived design requirements of the tank insulation 
system. It was estimated that the desired heat flux can be obtained with no more than 2.5 cm 
(1.0 in) of MU on the tank. 


The MLI configuration consists of 3.8 x 10* 3 mm (0.15 mil) double aluminized Mylar 
radiation shields separated by two Dacron B4A net spacers, assembled to a layer density of -4 
reflectors/ cm (60/in). 

Warm-up Heater - Two banks of wall heaters provide 30 w of power each to receiver tank 2 
for thermal conditioning to desired levels during experiment operations. . Each bank provides 
uniform wall heating from dual element blanket type heaters which are bonded to the outer tank 
wall surface. Required heating density for the blanket is 0.08 w/m 2 (0.83 w/ft 2 ) for each 


4-24 



redundant elementThe wall heaters are controlled from separate RUTs and EVE's providing 
totally redundant and isolated control capability. 

Trunnion Support Mounts - The girth ring provides the tank mounting location for two S-glass/ 
epoxy trunnions. One trunnion is fixed, and is adjusted to provide for proper positioning of the 
tank by a threaded fitting that is welded in place. The other trunnion has on open end that is 
free to move to allow for contraction and expansion of the pressure vessel/trunnion assembly. 
The trunnions have been successfully designed, fabricated and qualification tested for fatigue, 
loading, failure and design margin, under contract NAS3-23245 and were delivered to LeRC at 
the end of the program (Ref 4.4-1). Figure 4.4-3 shows a top view of the tank installed into 
the MMS rectangular tube support structure core cavity by the trunnion mounts. 



RECTANGULAR TUBE 
SUPPORT STRUCTURE 


Figure 4.4-3 Receiver Tank 2 Mounting Configuration 

4.4.2 Fluid Distribution and Control - Seven plumbing penetrations exit receiver tank 2 along with a 
TVS flow control line. They all require isolation and control valving and instrumentation to contain 
and control the outflow and inflow of LH2 and GH2. Functions provided are as follows: 

TVS Flow Control - Flow in the TVS is controlled by electrically operated on-off latching 
valves actuated by commands routed to RIU’s 1 1 to 14. Two flow control legs, containing 
orificed restrictions, provide the capability to regulate flow to three levels. TVS tubing is 0.64 
cm (0.25 in) OD with a 0.17 cm (0.065 in) wall thickness. Associated components are all 0.95 
cm (0.375 in) in size. 

Outlet/Tnlet Line - This 1.9 cm (0.75 in) OD line carries the LH2 from the tank baffle to the 
transfer line for routing to either the supply tank or to the vent system via the transfer/vent by- 
pass. 
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^VSTWTI Flow Control - How in the axial and radial spray systems is controUed by 
electrically operated on-off latching valves actuated by commands routed to RILTs 1 1 to 14. 
Two flow control legs containing orificed restrictions provide the capability to regulate ow to 

three levels. 

Tn<mimffnfation - The tank and associated lines are fully instrumented. See section 4.7 for 
details. 
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The pressurization system consists of the following functions that are provided to support tank 
pressurizations to accomplish the experiment set: 

- GH2 & GHe pressurant storage at 20670 kN/m 2 (3000 psia) 

- GH2 & GHe pressurant regulation to 276 kN/m 2 (40 psia) 

- GH2 & GHe regulated pressurant distribution to experiment tankage 

- GH2 & GHe ground fill 

Pressurant storage is provided by nine tanks 29.8 cm (11.75 in) diameter by 122 cm (48 in) length 
with a volume of 0.076 m3 (2.7 ft3 ) pressurized to 20670 kN/m 2 (3000 psia) on the ground ^pnor to 
flight. Seven tanks store 8 kg (17.5 lbs) of GH2 while the remaining ^two contain 4.5 kg (10 lbs) of 
GHe. Either pressurant can be used for receiver tank pressurization while only GH2 wdl be us 
the supply tank. Fixed regulators control delivered pressurant to 276 kN/m 2 (40 psia). Pressures less 
SL thfs m^^S co^lled by tank isolation valves. The pressurization pan of the schemanc 
has b een previously shown on Figure 4.4-2 and comprise the following major subelements. 

r.fl«enu<; HvHrofren Storage - This pressurant storage capability provides warm hydrogen gas for 
autorenous ^rcssurizanrin for liquid expulsion from either the supply or receiver tanks. Seven 0.076 
m3 (2.7 ft3 ) composite overwrapped, 6061-T6 aluminum cylindrical bottles pressunzed to 20670 
kN/m 2 (3000 psia) provide the storage capability for this function. Each bottle holds 1. 14 kg (2.5 lbs) 
of gaseous hydrogen. The bottles are manifolded together and provided with an 
bottle so that bottles can be depleted individually. Isolation from high pressure GHe is provided by 
£ri£ clover valves. Under normal operation either the GHe or GH2 prtssuiant systems would be 
Sble for use at any one time. Servicing the GH2 bottles is a^omphshed as a tot* pa£ l clear 
terminal count hazardous servicing operation via the common manifold and QD at the T-0 umbilical. 

r.flcenus Hrliiim Storage - This pressurant storage capability provides warm helium gas for 
OTessurization U for Uquid expulsion from either of the receiver tanks usmg a non-condensable 
pressurant. Two 0.076 m 3 (2.7 ft 3 ) composite overwrapped, 6061-T6 aluminum cylindncal bottles 
(the same as those used for GH2 storage) pressurized to 20670 kN/m 2 (3000 psia) provide the storage 
capabtiTty forthis function. Each bottle holds 2.27 kg (5.0 lbs) of : gaseous hydrogen. The bottles are 
mf nifnifWi together and provided with an isolation valve at each bottle so that bottles c ^ ^epleted 
individually. Isolation from high pressure GH2 is provided by senes crossover valves. Under normal 
operation either the GHe or GH2 pressurant systems would be available for use at any one time. 
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Servicing the GHe bottles is accomplished as a locally hazardous servicing operadon via the common 
manifold, servicing port and manual servicing valve. 

Pressurant Regulation and Control - Pressurant regulation is controlled by manual fixed regulator legs 
set to deliver 276±27.6 kN/m^ (40±4 psia). One leg is normally dedicated for GH2 regulation while 
the other is used for GHe regulation. The two legs are redundant to one another, if required, via the 
series crossover valves. Isolation valves, filtering and orifice control to establish maximum flowrates 
are included in each leg. Flow metering, temperature and pressure instrumentation is accommodated at 
the branch connect of the two legs. 

Pressurant Distribution - The regulated GH2 and GHe is distributed to all of the experiment tanks 
simultaneously. Control valves at the vent lines to each tank control the individual pressurization of a 
given tank at a time. These valves also serve as control devices regulating tank pressurizations below 
the regulator setpoint and maintain tank pressure to within 6.89 kN/m^ (1 psia) of the desired value. 
Line and component size is 1.27 cm (0.5 in). 

4.6 Fluid Distribution and Control 

Control of the experiment subsystem process consumables and the distribution of these commodities 
(LH2, GH2 and GHe) is accomplished between tankage, other subsystem elements and/or overboard 
using the following fluid distribution subelements: 

- Transfer line 

- Back pressure, free and ground vents 

- Pressurant distribution lines 

- Spray system control 

- TVS & CHX control 

- Over pressure protection 

- Plumbing/ component insulation 

A brief overview of these subelements is provided as follows: 

Transfer Line - This line carries LH2 from the supply tank LAD and routes it to either receiver 
tank or to the vent system via a transfer/vent line by-pass. The line and all full flow 
components are a 1.9 cm (0.75 in) OD size. Other lower flow legs are a 1.3 cm (0.5 in) OD 
size. The line is configured as shown in Figure 4.1-3. Isolation valving is provided for 
receiver tank 2 tests so that only that portion of the line being used is exposed to the transfer 
fluid. 

Back Pressure and Free Vents - The back pressure and free vents provide paths to route fluid 
overboard when on-orbit. While on the ground these vents are isolated with normally closed 
ordnance valves which are operated for mission use on-orbit. All ground venting for test and 
launch operations is via the ground vent interface at the T-0 umbilical. The QD is poppetless 
and is open at all times until orbital operations begin at which time a normally open ordnance 
valve is operated closed. The back pressure vent features a check valve that maintains 13.8 
kN/m^ (2 psia) to preclude hydrogen freezing. The free vent provides an unobstructed path to 
the space vacuum. The vents are interconnected by crossover valves for redundancy and for 
tests which require no vent back pressure. Normal venting operations are out of the back 
pressure vent. Both vent interfaces with the space environment contain redundant 100 w 
heaters that cycle on before the LH2 triple-point temperature is reached as a back-up to preclude 
freezing. The back pressure vent exits at the aft centerline of the spacecraft and contains a non- 
propulsive diffuser so as to not perturb attitude control. The free vent exits with a similar 
configuration at the forward end centerline location. All vent line tubing and associated 
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components are 1.9 cm (0.75 in ) OD. Instrumentation is provided as shown in the experiment 
subsystem integrated schematic ( Figure 4.1-3) 

PrMsnrant retribution - The regulated GH2 and GHe is distributed to all of the experiment 
SSSy Control valves at the vent lines to each tank control the ndrodul 
pressurization of a given tank at a time. These valves also serve as control devices regulating 
tank pressurizations below the regulator setpoint and maintain tank pressure to within 6.89 
kN/m^ (1 psia) of the desired value. Line and component size is 1.3 cm (0.5 in). 

System Flow .Control - Row in the axial and radial spray systems Is controlled by 
eKic^y^perattd on-off latching valves actuated by commands routed to RUTs 11 to 14 
Two flow control legs containing orificed restrictions provide the capability to regulate flow to 

three levels. 

TVS &. fflX Flow Control - Row in both the TVS and CHX is controlled by electrically 
opOTted on-off Inching valves actuated by commands routed to RIU’s 1 1 to H. Jwo flow 
control legs containing orificed restrictions provide the capability to regulate flow to three 
levels. WS tubing is 0.64 cm (0.25 in) OD with a 0.17 cm (0.065 in) wafl Sickness. 
Associated components are all 0.64 cm (0.25 in) in size. The tubing after leaving the CHX is 
1.3 cm (0.50 in) OD with similar sized components. 

Over Pres sura Protection - Each experiment subsystem tank contains a burst disk and a relief 
valve plumbed in series to the tank vent line and route fluid to the flee vent line to provide over 
pressure protection. They are set to relieve at 413±27.6 kN/m^ (60±4 psia). While on the 
ground the supply tank relief is routed to the ground vent interface. See section 4.10 for a 
description of electrical overpressure protection. 

Pliimhing/Comnonent Insulation - A foam/MLI system is a requirement for much of the 
experiment subsystem fluid distribution system in order to : 

- Minimize heat transfer to the LH2 during loading (and contingency detanking) to assure that 

required fluid conditions and servicing timelines are achieved. . 

- Prevent LN2 or liquid air formation (the payload fairing AC system is providing GN2 during 
LH2 servicing operations) on lines and components reaching cryogenic temperature during the 

servicing or contingency detanking operanons. , .. , „ 

- Prevent atmospheric or payload fairing purge moisture condensation and frost build-up on all 

components reaching water condensing or freezing temperatures. ..... 

- Provide for on-orbit thermal protection during experiment process investigations involving 
fluid transfers. 


The insulation system consists of 1.3 cm (0.5 in) of polyurethane foam over all plumbing and 
components that are exposed to LH2 on the ground. The insulation is sealed against 
cryopumping by an outer covering of kevlar cloth impregnated with a polyurethane resin 
sealer. In order to provide for required thermal performance on-orbit, certain parts of the 
plumbing system will contain an overwrap of 10 layers of MLL 


Figure 4.6-1 shows the experiment subsystem schematic with the experiment tankage removed. The 
remaining components and interconnecting plumbing comprise the Ruid Distribution and Control 
subsystem. Components located in the same area performing similar or related functions associated 
with specific tankage have been grouped into seven individual valve panels with interconnection 
plumbing lines. Components in each panel are identified with the valve panel designation in Figure 
4:6-1. Table 4.6-1 list the valve panels by number, function, size and weight. Each panel is a 
subassembly that is built and tested at the panel level. 
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Figure 4.6-1 Experiment Subsystem Fluid Distribution and Control 
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Table 4.6-1 Experiment Subsystem Valve Panel Approach 


PANEL NO. 

PANEL FUNCTION 

DIMENSIONS 
H 1 Q 

WEIGHT 

1 

SUPPLY TANK OUTLET, TRANSFER 
UNE & CHX CONTROL 

26.7 X 50.8 X 20*2 CM 
(10.5X20X8 IN) 

15.87 KG 
(35 LBS) 

2 

SUPPLY TANK VENT, TVS CONTROL, 
BP VENT, FREE VENT & GROUND VENT 

30.5 X 50.8 X 20.2 CM 
(12 X 20 X 8 IN) 

19.73 KG 
(43.5 LBS) 

3 

GH2 A GH« PRESSURIZATION CONTROL, 
REGULATION A DISTRIBUTION 

27.9 X 50.8 X 12.7 CM 
(11 X 20 X 5 IN) 

11.02 KG 
(24.3 LBS) 

4 

RECEIVER TANK 2 VENT, TVS CONTROL 
A PRESSURIZATION CONTROL 

34.3 X 50.8 X 20.2 CM 
(13.5X20X8 IN) 

13.83 KG 
(30.5 LBS) 

5 

RECOVER TANK 2 INLET, SPRAY SYSTEM 
CONTROL A TRANSFER UNE 

75.3 X 67.3 X 20.2 CM 
(29.25 X 26.5 X 8 IN) 

37.46 KG 
(82.6 LBS) 

6 

RECEIVER TANK 1 VENT, TVS CONTROL 
A PRESSURIZATION CONTROL 

34.3 X 50.8 X 20.2 CM 
(13.5 X 20 X 8 IN) 

12.11 KG 
(26.7 LBS) 

7 

RECOVER TANK 1 INLET, SPRAY SYSTEM 
CONTROL A TRANSFER UNE 

58.4X67.9X17.8 CM 
(23 X 26.75 X 7 IN) 

29.21 KG 
(64.4 LBS) 


Valve panel 3 which is associated strictly with the pressurization system is shown in Figure 4.6-2. 
Figure 4.6-3 shows the arrangement of the six experiment subsystem valve panels associated with 
tankage, transfer and vent lines. Panel relationship to tankage and to one another are also depicted 
along with major functions into and out of each panel. Proximity relationships are also shown. Major 
interfacing of the panels occurs with the tankage. Panel to panel interfacing consists of transfer, 
pressurization and vent line routing which can easily be accommodated in the various empty space 
between components and structure. 



Figure 4.6-2 Experiment Subsystem Pressurization Valve Panel 3 and Plumbing Concept 
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Figure 4.6-3 Experiment Subsystem Fluid Distribution Valve Panel and Plumbing Approach 
A brief definition of each of the valve panels is provided as follows: 

Valve Panel 1- This valve panel has a size and weight as shown in Table 4.6-1. It contains the 
components as shown in Figure 4.6-4 and is located below the supply tank in the aft equipment bay at 
Station 490. It serves to interface with the supply tank inlet/outlet line and contains the transfer line 
flow control elements, including the transfer pump for distribution of fluid to either receiver tank via 
valve panel 5 or 7. It also contains the CHX flow control components which interface with the back 
pressure vent line. 
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below which include being installed in other off panel locations. 

I BD2 and relief v*ve RV3 win be installed 

_ _ In/tlrA# tk^ rmmn nut noft* 



The Twmel will be insulated from tne external envuunmem on** . — ~ ' . cnkU ~ 

P 3 ^ 1 ThroTawto which the components are mounted is a composite structure to isolate 

attractive design option) to prevent component warm up during tank chilldown cycles. 
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Figure 4.6-4 Valve Panel 1 Equipment Design Configuration 


v„i w p flnft | 2 - This valve panel has a size and weight as shown in Table 4.6-1. It contains the 
conqwnlmtsas shown in Figu^ 4.6-5 and is located below the supply tank in the aft equipment bay at 

Station 490. 

it c^rve^to interface with the supply tank vent line and contains the vent line flow measuring and 
Sp^^nJtaSSSelenienB, including the interface for distribution of fluid to the ground vent 

“inuuns th! TVS flow control components which mterface with the 

back pressure vent line. 

nt (ryjn « nr i oV3^ nriginallv assigned to the panel and the rational of why they arc not 
SdTta M’™ dSS 3 w&SKe being Stalled in o*er off panel locadons: 

- OV2 LH2 ground vent QD isolation pyro valve and OV3 back pressure vent isolation pyro 
valve will be installed in an accessible location for ordnance initiator installation. 

- BD1, RV1, RV1 1, RV13, and P307 require incorporation into panel design. 
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The panel will be insulated from the external environment and will be thermally isolated from mounting 
structure. The plate to which the components are mounted is a composite structure to isolate 
components from one another as much as possible. Cooling of components within this panel is not a 
consideration. 

Valve Panel 3 - This valve panel has a size and weight as shown in Table 4.6-1. It contains the 
components as shown in Figure 4.6-6 and is mounted to the rectangular tube support structure by 
receiver tank 1 at Station 313. It serves to interface with the G(I2 and GHe high pressure pressurant 
storage tanks and the experiment tankage providing regulated pressurant to each via valve panels 2, 4, 
and 6. The panel contains dual regulation legs, including particulate filtering and leg crossover 
provisions. 


TOP VIEW 



Figure 4.6-6 Valve Panel 3 Equipment Design Configuration 
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Two components (MV1 and OV5) originally assigned to ° f Why *** “* “* 

located in the panel are defined below as being installed in other off panel locanons. 

- MV1 high pressure manual ground servicing valve will be installed in an accessible location 

for GHe servicing operations and connection to facility GHe pressure pane . . - 

- OV5 GH2 ground^D Eolation pyro valve will be installed in an accessible locano 

ordnance initiator in stal l ati o n. 

tept as warm as possible to provide the tankage with warm pressutant. 

Valve PangLi - This .^epanel h«a ^-gh-slmwn ™ ^iei‘r“" 

sSSE«Ea^S*^^rassseJB 

tank relief system that interfaces with the free vent 

components^frotn one another as much as possible. Cooling of components within this panel is not a 
consideration. 


VV* 


no2 
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VENT 
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to free i omo omi y oni2 

VENT j to BP / ra0M 
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Figure 4.6-7 Valve Panel 4 Equipment Design Configuration 

Valve PansU -This vdvepjnd ‘ ^VSSZm. 

injSe ^*^ei4 ^ 2 SSStSStoe »d Attains the transfer line isolation 
dements. It als^contains the TVS heat exchanger chilldown leg. All of the chill/fill spray isolanon 
and flow control components are also located on this pane 


4-34 


FROM TO 

RECEIVER p2Q3 TANGENTIAL 



RV14 


TRANSFER 
UNE TO 

^ r RECEIVER 
TANK 1 


BACK VIEW 


Figure 4.6-3 Valve Panel 5 Equipment Design Configuration 

The panel will be insulated from the external environment and will be thermally isolated from mounting 
structure. The plate to which the components arc mounted is a composite structure to isolate 
components from one another as much as possible. Additional analysis is required to determine the 
need to further isolate transfer line components or provide cooling with heat exchangers (not an 
attractive design option) to prevent component warm up during tank chilldown cycles. 

Yalyg Panel 6 - This valve panel has a size and weight as shown in Table 4.6-1. It contains the 
components as shown in Figure 4.6-9 and is located behind the MMS MPS module near receiver tank 
1 at Station 312. It serves to interface with receiver tank 1 vent and pressurization penetration. It also 
contains the TVS flow control components which interface with the back pressure vent line and the 
tank relief system that interfaces with the free vent 
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Figure 4.6-9 Valve Panel 6 Equipment Design Configuration 
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The panel will be insulated ftm die eatemal tcHsoStt 

ZSSJS2Z ZoZ C i^Z^"^nJ G within this panel is no, a 
consideration. 
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components as shown in Rgure 4.6-10 and is rc oun • 1 inict/outlet line and contains 

ri=r^2^isr~ “ ."SC^ and flow control 
components are also located on this panel- 

The panel will be insulattd tarn the eaemal 

structure. TTie platt to .S^'SiSupowiWe Addition^ analysis is required to detetmine the 

ZTZGEVZSSS2 '£$£££ « ^ co^Um mm (no, « 
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Figure 4.6-10 Valve Panel 7 Equipment Design Configuration 
4 . 7 Instrumentation 
This section discusses 

dab, foranunderstanding of the associated processes, as 
well as for the verification and correlation of analytical predictions. 

The instrumentation for the COLD-SAT experiment subsystem consists of those sensors, status and 
position indication devices required to perform the following. 


• insure the safety of the operation of the experiment subsystem; 

. provide data and control capability necessary to conduct the experimental 
■ provide dstz for experiment analyses, and 


tests; 
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- provide additional and redundant data both to enhance experimental analyses and obtain an 
understanding of the involved processes. 

These devices will interface with existing 8-bit MMS data handling and processing equipment to the 
tnayimiim extent possible without equipment modification. One area, however, that will require 
modification to the equipment is high accuracy in thermometry. Needed equipment impacts are 
discussed in Section 4. 10. 

A listing of the Experiment Subsystem data requirements was prepared and is included in its entirety in 
Ref 4.7-1. It gives a s ummar y of the data requirements which describes the use for each measurement 
( or groups of measurements) with regard to applicable experiment and associated model or analysis 
that will utilize the data. Recommendations for sampling rate needs are also provided. 

Table 4.7-1 is a s ummar y listing of the Experimental Subsystem Instrumentation. The Instrumentation 
Report (Ref 4.7-1) contains a more complete listing where for each measurement an identification 
number is provided along with the function and location of the instrument. Range, accuracy, sample 
rate req uir ements, and resolution information ( based on an 8-bit data word) are also provided. A 
reco mme nded source for each type of device, as well as part number/model number information is 
included. 

Redundancy Concent - For the most part, no attempt has been made to duplicate transducers at a 
single location for redundancy purposes. Similar sensors are installed in close proximity to each other 
and are of sufficient numbers that a form of redundancy is provided. Loss of data from any single 
device will not result in the inability to complete experimental analyses or prediction verification or to 
accomplish required control functions. 

Sensor Locations - Figure 4.1-3 provides an integrated schematic of the experiment subsystem 
defining locations for instrumentation. Ref 4.7-1, Appendix A contains a more detailed definition of 
tank-ay temperature and other sensor locations. 

4.7.1 Instrumentation Definition 

The following sensors and instrumentation devices have been identified as having the proper 
characteristics to meet the data needs of the COLD-SAT. Figures 4.7-1 and 4.7-2 contains additional 
information on each instrument 

Acceleration - The Bell Aerospace Model XI accelerometer is the recommended device to provide 
acceleration data in the micro-g range for experimental use. It consists of an analog accelerometer 
assembly composed of an orthogonal, triaxial set of accelerometer sensors, associated analog servo 
and temperature control electronics, power conditioning electronics and housekeeping data signal 
electronics to provide accurate measurement of low level accelerations ( micro-g to hundreds of milli-g 
range ). The unit uses 28 ± 4 vdc input power and has outputs of 0 - 5 vdc for each of the three axis 
sensors. Device characteristics will be customized to meet specific COLD-SAT needs. 

T innifi Hydrogen Density and Flow Rate - Transfer line LH2 flow rate of supply and receiver tank 
outflow will be bidirectionally measured using turbine Model FT designed and manufactured by Flow 
Technology. These units require 28 vdc power only to condition the output 0-5 vdc signal which is 
proportional to the fluid velocity over the flow range of the instrument. Two phase flow can be 
detected by a sudden change in the indicated velocity. Device accuracy is 0.3%. 

r.acpnns Hydrogen TVS/CHX Flow Rate - The GH2 flow rate from the supply and receiver tank 
thermodynamic vent systems will be measured using turbine units Model FTO designed and 
manufactured by Flow Technology. These units require 28 vdc power only to condition the output 0-5 
vdc signal which is proportional to the flow range of the given instrument. Device accuracy is 0.05%. 
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Table 4.7-1 Experiment Subsystem Instrumentation 
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Table 4.7-1 Experiment Subsystem Instrumentation List (Concluded) 
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Figure 4.7-1 Experiment Subsystem Temperature, Pressure, and Acceleration Sensor Information 

Gaseous Hy drogen Free Vent Flow Rate - The GH2 flow rate from the Free Vent System will be 
measured using turbine unit Model FT designed and manufactured by Row Technology. This unit 
requires 28 vdc power only to condition the output 0-5 vdc signal which is proportional to the flow 
range of the 0-1 00 lb/hr instrument Device accuracy is 0.3%. 

Temperature - All temperature sensors will be Rosemount Model 1 18MF2000C four- wire Platinum 
Resistance Thermometers ( PRT ). PRTs will be excited from 10 ma constant current sources. Five 
full scale temperature ranges 16-31° K(28-55° R), 17-50° K (30-90° R), 17-139° K (30-250° R), 17- 
300° K (30-540° R), and 222-333° K (400-600° R) cover all desired experimental data needs. The (30- 
540° R) range will be split into two equal parts to maintain desired accuracy. In order to maintain 
desired accuracy and linearity of output to be compatible with existing 0-5 vdc anaiog-to-digital 
converter (ADC) all ranges [except 222-333° K (400-600° R)] require special signal conditioning 
circuits between the sensor output and the ADC. 

Pressure - The pressure transducers selected for the experiment subsystem is the basic variable 
reluctance unit designed and built by the Tavis Corporation. The unit operates with a 28 vdc input and 
provides an output of 0 - 5 vdc which is linear within the pressure range of the unit. In some locations 
temperature limitations on sensor electronics requires a modification which removes the electronics 
away from cryogenic temperature extremes. 

Liquid Level & Liquid Detection - The settled LH2 liquid level will be determined for each tank by a 
capacitance probe or super conductor type of probe that is compatible with surface tension and widting 
characteristics of LH2. These sensor systems are designed and produced by Simmonds Precision and 
are similar to units currently in use on the STS. They require 28 vdc for operation and provide a 
conditioned 0 - -5 vdc output signal to provide a linear indication of the liquid level in the tank. The 
actual tank fluid quantity will then be determined by tank geometry. 
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Liquid detection in tankage ventlines wffl ASeS S 

wSe sensors are also made by Simmonds « 2^£E2™£2X " 

The sensor is essentially 
the sensor is dry, 
ohms wet to 100 
wet. 



The accuracy for either type is dO.25 cm (±0.1 in). 



CHARACTERISTICS 

SOURCE 

CONFIGURATION 

UQUID/VAPOR 

Hot Wlro Point Sonoor 
28 Vdc Input 
0 • 5 Vdc Output 

Simmonda 

Precision 

May bo similar to: 

j. mri Ti msirnttoMt 

tl.lll , lllWIH 

FLOWRATE 

Turbin* Flow Motor 
forgo* 

0*0.3 Ibrtir 
Turbin# Flow Motor 
for liquid 
0 • 100 Ib/hr 
0 - 200 Ib/hr 
0 - 300 Ib/hr 
BldlrocttonoJ 
capability 

Row Technology 
Modol FT & FTO 
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. — i oo : oe * 

FLUID QUANTITY 

Oovlco Indicatoo tank 
liquid tovoi whon 
sottlod 

Simmonda 
Precision 
Capicitanco Probo 
or Supor 

Conducting Probo 

Configuration TBO 


Figure 4.7-2 Experiment Subsystem LipuidlVapof, Flowrate and Fluid Quantity Sensor Information 


4.7.2 Thermometry Options Assessment 

The relative advantages and disadvantages of six types of commercially available ^ogenic 
ine reiauvc duvuwiABM nhiective was to determine how to best meet the ± 0.055 K. 

in the 16 to 31 *K (28 to 55H) temperature range dus 

ATmlS^rnt^^Smment of about ± 0.5 % at the high end. However, sensw output and 

c^ncitivitv fmV/*K) together with accuracy and low noise, comprise only one factor in t c 
sensitivity (mvrK), togem y effects of : 1) sensor self-heanng; 2) 

mounting of sensor, and 7) cost. These consideranons are discussed below. 

fhfi’ POTs^uUi be interchangeable, with the advantage that signal conditioning 

tluucarefuUy selected P However individually calibrated sensors of whatever type, with 

dng““- a|~ m ct,onuz^ for each sensor, will always provide the 
highest accuracy. 


4-42 





Temperature Sensor Discussion - Thermometer self-heating occurs if the heat dissipated in the sensor 
due to the excitation current cannot be conducted easily to the medium under measurement, assuming 
that the medium can serve as a thermal reservoir. A AT is generated causing the measured value to be 
too high. Given other sources of error as well, we need AT « 0.1 *K (0.1 8'R). (The error sources 
arc related to sensor repeatability, current source regulation, the 8 bit resolution limit, mathematical 
modeling of the sensor output linearization process, and total output er r ors inherent in each stage of the 
signal conditioner.) Assuming an adequate thermal reservoir, the best technique for avoiding this 
problem is good heat sinking of the sensor case and leads. Heat sinking the leads is also required to 
intercept parasitic heat from wanner temperature regions which would also cause an unwanted AT. At 
very low temperature, in vacuum, the dissipation should be <10* 12 Watts. The requirement at 20*K 
(36*R) in a liquid hydrogen environment is not nearly so stringent. For example, a PRT will be in 
error by -0.4'K/mW (0.72'R/mW) in a N2 gas environment at room temperature. One way to 
determine a safe level of self-heating is to begin with a relatively larger current than is required and 
reduce it incrementally until there is no further change in the voltage readout. 

Thermal emfs are voltages generated in the lead wiring due to mechanical stresses (Ref. 4.7-2) when 
the leads cany a temperature gradient Other sources are potentials generated by thermocouple effects 
at solder joints, etc., when dissimilar lead materials are joined, e.g„ phosphor-bronze to manganin or 
copper. The problem here is that in a single polarity dc measurement the thermal emf adds to the 
sensor voltage drop, causing an error. For a given sensor the thermal emf can be determined by 
reversing the polarity of a low level current (~l|iA) and using an accurate DVM: Thermal emf = (V + - 
V. ) / 2. Typical values are £ 0.1 mV, but the measured value might not remain constant after thermal 
cycling. Therefore, it is possible to correct for this offset voltage in the signal conditioning or software 
only if it is known to be a repeatable effect To reduce the error, a larger excitation current could be 
used, so that the sensor voltage would always be much greater than the thermal emf. A problem arises 
when the required current is large enough to cause self-heating, so that a tradeoff is usually required 
between self-heating and thermal emfs. 

A four wire lead arrangement is always preferred for the most accurate temperature measurements, 
regardless of the sensor type. The leads should be twisted pairs (± I, ± V) to reduce EMI in adjacent 
sensors and to reduce voltage pickup from external sources. If the sensor resistance is very large 
compared to the lead resistance, then 2 or 3 wire arrangements can be used with negligible error. But 
sensor resistances at 20*K are typically less than 100 Q, and the lead resistance is comparable if 
manganin wire, e.g., is used to reduce parasitic heat leaks from the warm (>250*K [480’R]) 
electronics environment 

If several sensors must be scanned, then the excitation current must be applied long enough to ensure a 
steady state sensor voltage. The sensor wiring and connections contribute to the time constant but the 
sensor itself is also important. Diodes typically respond faster than resistance thermometers to 
dynamic thermal conditions (0.1 sec vs 0.5 sec), but under static or slowly changing thermal 
conditions resistance sensors and diodes alike can be scanned at a rate of -50 per second. 

If the sensor output voltage is too low it must be amplified. If an offset is also required (to provide the 
optimum zero reference for the 0-5 volt analog signal), then the electronics can cause additional errors 
if there is amplifier instability . 

Sensor packaging should promote easy attachment of the sensor and good heat sinking to the medium 
under measurement If the case is nonmetal then the heat-sinking must be totally accomplished using 
the sensor lead wires. Except for certain diode packages, most sensors must be held in place by 
miniature brackets (or inserted into blind holes) and epoxied with a low temperature bonding agent. 
Used as a probe, a sensor can be heat-sunk into a hollow OFHC (oxygen-free, high conductivity) 
copper insert, which has been previously brazed into position; this eliminates the need for lead wire 
feed throughs as normally required in probe-type installations. If the flow channel or pipe dimension 
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is of the older of the sensor size (ID. < 1.3 cm (0.5 in)], then the sensor must 3* 

rhe external wall ensuring that the lead wires are also heat sunk near the sensor, as described » 

and that there is radiation shielding and/or insulation around the sensor depending on the surrou g 

thermal environment. 

Many of the foregoing sensor selection factors are summarized in Table 4.7-2 The unit cost of each 
faprftriate temperature sensor is also given. 

Tomrioratum ^n<nr Recomm^TiHation - There is no "perfect" sensor for the 16 to 31’K (29 to 56’R) 

some uonlinear behmri^B«g »e^dyma^d 
foralmA source. Signal conditioning is required for any sensor type. The Germanium Resistance 
Thermometer (GRT) has the best accuracy, but the diode has the iargest output voltage and good 
sensitivity However, all diode curves exhibit a severe anomaly at -25 K (45 R), and they i 
10 uA current source. The GRT is typically noisy, and offers little advantage over the GRT in a low 
ra^tic field except for its slightly greater output voltage, 

nrarlv linear but not quite linear enough to preclude signal conditioning to meet the ± u.t»3 
*K(±0099*R) requirement At I = 1 mA its output voltage is very low, and it is the most expensive 
sensor Use ofachromel / gold (0.07%) thermocouple was also considered because of its high degree 
Sriw especially in the 16 to 55*K (29 to 99‘R) range. However, its sensitivity r (dV/dT j 16.8 
aV/*K f9.3uV/*R]) and output voltage are very small; spunous thermal emfs mduced by lead 
stresses would compromise its accuracy; and a very well-regulated warm temperature reference 
junction would have^o be incorporated. (A cold reference junction would improve 
eliminating most of the thermal cmf problem and reducing the required precision of the voltage 
measurement.) The applicability of a very linear manganin/nickel film thermometer described by D. . 

S nelson (Temperature^ 871, 1972) has also been investigated. Its output at 1 mA vanes linearly 
from 220 mV at 4.2*K (7.6*R) to 290 mV at 295*K (531*R), its sensitivity is 0-39 mV/^K (0.163 
uV/*R) and its resolution is 0.01*K (0.02*R). Unfortunately, this sensor is not commercially 
available Md woSd have to be flight-qualified (see Ref 4.7-3). At this time the 2000 G (icepoint) 
PRT appears to be the best compromise when signal conditioning and current source r^uirements are 
considered, but the film thermometer would be the more ideal choice if commercially available 
proven reliable for space applications. 

4 8 CftmPft nffnf Assessments 

This section addresses all of the component equipment required for the Experiment Subsystem. The 
components defined below is the initial selection based upon current COLD-SAT 
are based upon the existing design maturity of the various components and their capability to perform 
required functions with minimum modification and the greatest potential for use with LH2. 

IT F.xnanders - Joule-Thompson expanders designed and produced by General Pneumatics were 
selecSduem the ability of this device to a) be adjusted and b) self-cleaning abihty. That is to say; 
when the flow is reduced the device "warms" and the flow passage area increases. This device will 
SiStoEf dZSSnS and qualification testing but has been demonstrated m greund rests. 
General Pneumatics has considerable experience with the proper materials selection to achieve the 
proper "motion" with the device. 

Pr-ccim. Regulator - Sterer Engineering now a division of Vickers has been desigmng, ^ufacturing 
and mia i if ylng aerospace valves and related components for over 30 years- Th cir design for the 
regulating valve for COLD-SAT is based on this experience and the specific design utilized on the 

Unit (MMU) regulator, wteh they developed. The MMU regulator was 

required to reduce 24800 kN/m 2 (3600 psig) to 1460 kN/m 2 (212 psig) with an output tolerance of 
±103 kN/m 2 (±15 psi) while flowing GN2 at 1.2- 3.7 m 3 (42-132 standard cubic feet per minute). 
The regulation tolerance applies to the GN2 outlet pressure throughout the inlet pressure range and the 
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Typical Characteristics of Commercially Available Temperature Sensors 
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GN2 temperature range of 205-338° K (370-610° R). Figure 4.8-1 provides additional information on 
the JT expander and GH2/GHe pressure regulator. 


COMPONENT 

CHARACTERISTICS 

SOURCE/ 

SOURCES 

DEV EL 
STATUS 

QUANTITY 

CONFIGURATION 

joule»Tompaon 
LH2 Expand** 
(JT1«JT8) 

• Thermally operating 
How control throttling 

. Adfuaiabiatmftow 
from 000 to XS M/hr 

• Salt cleaning due to 
thermal Increase In 
flow arse 

General 

Pneumatlea 

Full 

Quel 

Required 

8 




■■ 

GH2/GH# 

Pressure 

Regulators 

(PR14PR2) 

- Single stage 3000 
pda to 40±4 pale 

• MMU derivative 

- Thermal vertabUity is 
i TBO for regulation 
band 

• 1/4 "tube 

Slsrer 

Similar to 
MMU 
A Qua! 
Required 

2 

, n , , I .I-,. 

* —xx — 1 . 2” 1 

^ : Err 

^ 1 _J_L T 


Figure 4.8-1 JT Expander and GH2lGHe Pressure Regulator Component Status 


Mixer and Transfer Pump - The operating conditions and requirements for the liquid H2 mixer pump 
are best met with a partial emission type pump driven by an induction motor fed 
frequency power source. This configuration provides for efficient matching of the pump capabihaes to 
any desired flow operation level of the system. By varying the pump and motor speed trough a 
variable frequency drive, the pump and motor can be operated at their best efficiency at all times and 
.power is not wasted in throttling devices to achieve a desired system flowrate. A single pump Resign 
can perform both the mixing and transfer functions. The range of flow rates and associated head rise 
covers the range required to both mix the supply tank contents at various fill levels, as weU as transfer 
fluid to the receiver tanks. This approach together with appropriate component design also provides 
the greatest reliability achievable. 

A pump and motor design approach that provides the features and reliability required for this cryogenic 
application is shown in Figure 4.8-2. A 3-phase induction drive motor is short coupled to the pump 
and sealed to eliminate the need for shaft seals. The motor shaft is mounted on preloaded bail beanngs 
with the pump impeller cantilevered from one end of the shaft The partial emission pump is equipped 
with a screw type inducer to further enhance its capability to operate at very low net positive suction 
(NPSH). Prior cryogenic experience has verified this performance and has also demonstrated the 
capability of the pump to move vapor. The partial emission pump configuration was selected over a 
full emission design because it allows for a lower NPSH requirement with only a 10% loss in pump 
efficiency. This pump utilizes existing technologies and is based on Barber-Nichols designs currently 
in operation. It has not yet been built or tested. Further information is contained in this section on 
pump characteristics. 


Flow Control Orifice - Row control orifices will be designed in accordance with AS ME standards and 
practices and verified by test with the media and the adjacent tube runs. 

Rgure 4.8-2 provides additional information on the LH2 mixer and transfer pumps and flow control 
orifices. 
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Check Valve - The check valve selected for the COLD-SAT experiment is an all CUES design except 
for the KEL -F seals. The unit is all welded to minimiz e leakage and is available from sources such as 
Ametek/Straza and Circle Seal as flight qualified units in various sizes and pressure ratings. 


COMPONENT 

CHARACTERISTICS 

SOURCE/ 

SOURCES 

DEVEL 

STATUS 

QUANTITY 

CONFIGURATION 

LHSMtar 
(MPT AMPS) 

SsoOtlMr 

tnTMsSsedon 


Haw 

2 

r- MOUNT IN G 

U — j \ 

n ! L 

OLtrLFTi ~ p 

A 

f- 

■fySsSSnl 

LH2 Transfer 

Pump 

(TIP) 

SssOtffer 
Information 
In Thfe Ssction 

BarOor fecDofe 
Enqlnaarlng 

Haw 

1 

||§§j{ 

LHSAGH2 
Flow Control 
Ortflcss 
(OR1-OR23) 

• Ossignsd, fab A 
taotto ASTM 

MMAQ 

Hffl 

25 

Simitar to without praaaura taps 


Figure 4.8-2 LH2 Mixer Pump, Transfer Pump and Flow Control Orifice Component Status 

Motor Driven Cryogenic Valve - This valve utilizes a 28 VDC stepper motor through a ball screw gear 
train to move the poppet The valve body is a basic CRES Nupro unit with the Torlon (high density) 
poppet sealing on the CRES seat. The two elements are hand lapped to achieve the necessary 
Fit/Finish. The poppet/seat interface of this valve has a common angle (not limited to line contact). 
The seat load is maintained constant (somewhat) by the use of Belleville washers in series with the 
drive linkage. The drive from the stepper motor to the poppet utilizes a CRES ball screw which is 
lubricated with a dry film molydisulfide. The helium leakage through this valve is less than 1 x 10' 8 
scc/sec. This is achieved due to; a) good poppet/seat fit, b) good poppet/seat finish, c) very high seat 
load. External leakage is less than 1 x 10*10 scc/sec (6.1 xlO’l^). The 1.3 cm (0.5 in) and 1.9 cm 
(0.75 in) valves have very high seat loads. These high seat loads do not enhance cycle life. This 
valve, manufactured by Space Systems Engineering, is basically designed for super fluid helium use at 
temperatures in the 2°K (3.6°R) region. 

Another Cryogenic Valve Option - Flodyne is a supplier and has designed and qualified various 
ball valves for ground and flight cryogenic applications. However for the COLD-SAT 
application of this valve to be sealed within the vacuum jacket of the supply tank, work needs 
to be done to qualify their valve for this installation. A magnetic drive coupling would be very 
advantageous to avoid problems with the motor and GH2/Vacuum. 

The following identifies some of the valve requirements, valve applications, and candidate valve types 
that arc needed for COLD-SAT : 

• Desirable Requirements (These requirements are not necessarily combined for each use.) 

- Small pressure drop 

- Reliable 


OF PO 


-- -"GE f S 
OR QUALITY 


4-47 


























- Self relieving internally for trapped volume control 

- "0" external leakage 

- Position indication for both open and closed states 

- Low t emp er a ture operation (16° K) 

- Construction compatible with LH2/GH2 . 

- Sizes for various applications 0.95-1.9 cm (0.375 -0.75 in) 

- All welded construction and installation 

- Bi-directional flow capability for certain applications 

• Applications 

- Control of LH2/GH2 

- Transfer (Fill & Drain) 

- Thermodynamic vent 

- Over-pressure protection 

- Isolation 

• Candidates 


-Ball 

- Torque Motor 

- Solenoid 

- Modified Motor Driven 


Figure 4.8-3 provides additional information on LH2 valves. 


COMPONENT CHARACTERISTICS SOURCE/ OEVEL QUANTITY 

SOURCES STATUS 


CONFIGURATION 


- 1/T A 3/4* WM 

- All wefctod 
corwnjcuon 

• dP « 0.5 p*U at 
300 to/hr LH2 


LH2 VMVH 

(W1-VV12, 

ST1-STS, 

PV+PV12. 

TU-T 17 , 

RT1-PT22) 



- Mas 5 amp p o a m 


Spaca Systoms 

EngmaarlnQ 

or 

Cooao l Wata d 
Com rota 


- Fast aparatlng taaa 
than 2 aae 
• 70 pala oparattnp 



Figure 4.8-3 LH2 Valve Component Status 

T m Disconnect - The LH2 disconnects provide an interface at a T-O umbilical with facihty^servicing 
and vent equipment. They facilitate the transfer of LH2 to the supply tank from the LH2 ^loajhng 
systems as well as venting of boiloff gases from the tank. The disconnects are composed of a flight 
half coupling and a ground half coupling that has a pull away quick release feature. Bo J halves are 
self sealing when unmated (for the fill side) and provide for effective mterf^e re^ing when mated. 
Th e Sght half vent side remains unsealed (open) by having the poppet removed. The flight half will be 



4-48 









similar to the Orbiter PRSD QD. The ground half will be a much simpler version of the Orbiter T-4 
PRSD QD and does not have to be pressure operated. Both halves are made by Fairchild. 

GH2 Disconnect - The GH2 disconnects provide an interface at a T-O umbilical with facility high 
pressure GH2 servicing equipment It facilitates the transfer of high pressure GH2 to the pressurant 
storage tanks from the GH2 loading system. The disconnect is composed of a flight half coupling and 
a ground half coupling that has a pull away quick release feature. Both halves are self sealing when 
unmated and provide for effective interface sealing when mated. The QD is currendy in use for 
recharging the MMU pressurant botdes, both on the ground and in-flighL A T-O release feature will 
have to be incorporated into the design which is made by Symetrics. 


Figure 4.8-4 provides additional information on T-O Quick Disconnects (QD) needed for COLD-SAT. 


COMPONENT 

CHARACTERISTICS 

mm 

DEVEL 

STATUS 

QUANTITY 

CONFIGURATION 

LH2 Quick 
Disconnect 
(QOI 42) 

FMgMHatf 


a 

New 

Qusireqd 
for size 

2 

May be similar to: 

iW 

m 

^pj|j 

IHKs 

SB 



■ 

LH2 Quick 
Disconnect 
(QOt 42) 
Ground 
Had 

ml 

F sken 1 Id 

New 

Qusireqd 
for size 

2 


GM2 Quick 
Disconnect 
(003) 


Symetrics 

Similar 
to MMU 
A Qua! 
«Qd 

1 

HjggllH 



Figure 4.8-4 LH2IGH2 T-O Quick Disconnect Component Status 


Cold GH2 Valve - Torque motor valve (Consolidated Controls/HRT) HRT(Space Products Group) 
recently acquired by Consolidated-Eaton. This supplier has designed and qualified various torque 
motor valves for space applications. However, they have very limited experience with this valve in a 
cryogenic application. The reason this design is attractive is due to: 

a) Remote location of the motor relative to the cryogenic flow stream. 

b) Inherent self-relieving feature which is available for this type valve. 

c) Available as a latch or normal open/close valve. 

d) Proper design of motor can provide adequate force for motor operation at cryogenic temperatures 
with margin. 

Figure 4.8-5 provides additional information on cold GH2 valves. 

Filter - The gas and liquid filters selected for the COLD-SAT application are designed and produced by 
either WINTEC or VACCO. The filters are totally welded and shall be of all stainless steel 
construction. The filter element is either pleated wire mesh or an etched disc, with a 25(i absolute 
rating. The design of the filter could permit removal of the filter element for cleaning, repair, or 
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replacement with the filter body installed if necessary. However, since all media is filtered prior to 
SSSJS * not considered necessary aid the filters are just added insurance to prevent 

any contamination from causing a problem. 



Figure 4.8-5 Cold GH2 Valve Component Status 

Service Valves - The GHe pressurant storage tanks will be loaded through high pressure service valves 
provided by Pyronetics, a subsidiary of OEA. This valve utilizes a metal- to- metal poppet/seat design 
wherein the internal pressure within the system tends to assist searing die poppet. This valve also 
incorporates dual seals and the potential for three independent seals, if necessary. This design is 
utilized on many high pressure gas systems as well as storables. The valve materials are basically 
CRES with the seat being 15-5 PH. All seals are teflon or KEL-F. The service valves for evacuanon 
of the vacuum system will utilize a standard 5.1 cm (2 in) tube port. These are available from sources 
such as CVI and commercial hardware. 

Figure 4.8-6 provides additional information on filters and service valves. 

R.irst Disk - The buret disks selected for the COLD-SAT application are designed and produced by 
Ametek/Straza Division of Ketema. The burst disc incorporates a Belleville spring with the 
diaphragm. The principle of operation results in a change from increasing to decreasing force dunng 
the stroke as opposed to a coil spring which requires a uniformly increasing force to compress il The 
snap over action of the Belleville results in a clean shear of the diaphragm as it is driven into a hollow 
punch. The buret disk shall be of stainless steel construction and shall incorporate a downstream 
screen to trap the cut out section, thus preventing contamination of the relief valve, which is 
downstream of the burst disk. The COLD-SAT unit will be similar to the design used for the 
"SHOOT' program. The "SHOOT” design is repeatable to within 3% of the design point at 77 K. 
Helium leakage is reported to be less than 1 x 10-6 scc/s at 4°K. 

RHirf Valves - The relief valves selected for the COLD-SAT application are designed and produced by 
Ametek/Snaza Division of Ketema. The valves shall be of stainless steel construction and uulize teflon 
or KEL-F for seats and "0"-rings. Valve construction uses a secondary pressure pickup area which 
increases valve sensitivity. At valve cracking pressure the flow past the poppet flows into the 


rv 
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secondary chamber. The secondary pressure buildup then acts over a larger diameter of the poppet 
thereby reducing the band from cracking to full flow. 



Figure 4.8-6 Filter, Service Valve, and Pump out Port Component Status 

Figure 4.8-7 provides additional information on LH2/GH2 burst disks and relief valves. 


COMPONENT 

CHARACTERISTICS 

source/ 

SOURCES 

DEVEU 

STATUS 

GH2 Reltet 

Valves 

(RV3,RV4,flVS, 
RV10.RV11 a 
RV13) 

- R/V tat at 60t4 pals 

- H— sat at 52 pats mm 

- Row rats TBD 

• 1 aalrBQS 10 acc/hr 

Kstsma 

Flown 
Apollo 
A Qua! 
Required 

LH2 Burst 
Olsk 

(BD1-0D4) 

- Leakage ino-a 
SCOSEC 

• Alt CRES 

• Contains Fragments 

• Rssists rsvarss Pack 
prasaurs 

Kstsma 

Flown 

PfH 

8-050159 
A Qua! 
Required 

LH2 Rabat 
Valve 

(RV1.RV2.RVS, 
RV8,RV7.RV9. 
RV12, & RV14) 

• Tubs stubs rsqd 
. r B3M” 1US 

• indicator switch 

• 60±4 pais operation 
- Alfwatdad CRES 

Orels Seal 

Simitar to 
STS 

application 
A Oust 


Figure 4.8-7 LH2IGH2 Burst Disk and Relief Valve Component Status 
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Primp ato - ^^^8 

5=“Th“«' « ^opcrLthevalvl N-Cv^cach 
Program* pppe material which is sheared upon operation to open the valve. For the 

5* ““ which ^ "" 

metal) both the inlet and outlet tubes of the valve. 

^ 7g Figure 4.8-8 provides additional information on ordnance valves. 


COMPONENT CHARACTERISTICS SOURCE/ DEV El_ QUANTITY 

SOURCES STATUS 


CONFIGURATION 


LH2 Ordnancs 
Isolation vaivs 
(OV1-OV4) 


GH2 Ordnanes 
isolation vaivs 
(0V5) 


vj Ordnanes 
Isolation Vaiva 
(0V«) 



• Normally dossd 

• Dual NASA atd 
Initiators for actuation 
. 20 pals operation 

- All aioat construction 

- V tuboattwsMad 


Figure 4.8-8 Ordnance Valve Component Status 

nw/OHe Hiffh Pri«m« Store™ Bottle - The experiment gaseous pressurant bottle design is 
ilfisffated in Fi eure S 48-9 The design was established through a discussion with Structural 
Composite Industries (SCI) based on our design space an d wetglM 

tecitimiogy Md f^ri^tm^apabiliMS^ spb^^'^ssmam^mde^h^beerfthe 

reflects a "SnTmore 

MSlmTal^r/esigu uses 

space less efficiently. 
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The pressurant bottle was designed using the highest performing state-of-the-art materials for high 
pressure bottle performance. The bottle is fabricated with a high-strength 6061-T6 al umin um liner and 
is wrapped with a carbon fiber composite overwrap for strength. SCI typically produces more of the 
cylindrical and near-sphere shaped tanks since they perform better for the same weight The spherical 
tanks require more fiber strength reinforcing in all directions and thus add to the composite weight. 
The carbon-fiber overwrapped aluminum-lined high pressure gas bottle has a performance factor (PF = 
BP x VOL / WT) on the order of 800,000 to 1,000,000 which is the highest performing light weight 
composite design commonly manufactured and flown in space type applications. 

Our experiment gaseous pressure bottle conceptual design has been proposed with the use of existing 
technology, tooling and materials in mind. It is similar in design, size and shape to other space- 
qualified pressure vessels currendy in use on many orbiting space satellite applications. The operating 
pressure is 20670 kN/m^ (3000 psia) and the burst pressure is 41340 kN/m^ (6000 psia) with a safety 
factor of 2.0 (greater than 1.5 required by NASA). The volume is approximately 75400 cm3 (4600 
in 3 > and the entire tank weight including mounting bosses, etc. is estimated at around 1 1.3 kg (25 lbs). 
The aluminum liner is very thin and combined with the carbon fiber composite overwrap amounts to 
0.41 cm (0.162 in) in thickness. The tank is 122 cm (48 in) long and 29.8 cm (1 1.75 in) in diameter 
to fit within S/C space constraints between and alongside the electronics modules. A total of nine 
pressurant tanks are required for the experiment subsystem pressurant. 


0.41 cm (0.162 in.) 
(Overwrap + Liner) 



Figure 4.8-9 GHliGHe Pressurant Bottle Configuration 

GH2/GHe High Pressure Valves - The high pressure gas valve for GH2 and GHe service is shown in 
Figure 4.8-10. It is a latching, single stage, solenoid operated, helium shut-off valve. Electrically, the 
coils are designed to operate with a 28 VDC power supply and poppet motion is achieved with 0.9 
amperes of current. It is designed for high pressure 34,500 kPa (0-5000 psig) with low pressure 
drop less than 172.5 kPa (25 psid) at rated flow 0.136 kg/min (0.3 lbs/min) with an inlet pressure of 
1725 kPa (250 psig). This valve displays low internal leakage, less than 0.82 standard cubic inches 
per hour (20 standard cubic centimeters per hour), at a pressure up to and including 34,500 kPa (5000 
psid). The unit includes a positive position indicator switch and a "spike" suppression network. It is 
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positiOTs* TTievalve is qualified for man-rated spacecraft and is presently in production. 



COMPONENT I CHARACTERISTICS SOURCE/ DEVEL 

SOURCES STATUS 
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(PV13-PV21) 
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• 3000 pM operating 
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Controls 


« Low haMum < — toga 
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-3000 p«li opmtlng 



Figure 4.8-10 High Pressure GH2IGHe Valve Component Status 
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4.9 Experiment Analyses 

During the course of the COLD-SAT study certain detailed analyses were performed to allow for the 
generation of the experiment list These analyses are detailed in the following sections. 


4.9.1 Pressure Control 

The functional requirement of the mixer system is to destratify the contents of the supply tank after the 
tank has been intentionally thermally stratified with wall mounted heaters. The customer directed that 
the mixing jet should not induce excessive geysering for most tests although some geysering would be 
acceptable for a few tests. Excessive geysering is prevented if the dimensionless geyser height is less 
than 0.4. The dimensionless geyser height, denoted as F, is the height of the geyser divided by the 
tank radius. The geysering consideration determines the nozzle size and flow rate, so the time required 
to mix the tank is permitted to "float". The mixer system analysis produced the design requirement of 
a variable speed mixer pump with a flow rate of 20.4 - 24.9 kg/hr (45 - 55 lbm/hr). The pressure rise 
across the pump at 24.9 kg/hr (55 lbm/hr) is 3.45 kPa (0.5 psid). 

Supply Tank Mixer System Si zine/Analvsis - The mixer system was designed to maintain the 
dimensionless geyser height, F, below 0.4. The following correlation by Aydelott (Ref. 4.9-1) was 
used to correlate acceleration, surface tension, and jet momentum to geyser height: 

F = (1.6 We - 0.5) / (1.0 + 0.6 Bo) 

where: F is the dimensionless geyser height 

We is the Weber number at the surface 
Bo is the Bond number at the surface 

Evaluation of the dimensionless groups required the jet radius and flow rate at the surface. The 
following relation by Symons and Staskus (Ref. 4.9-2) was used to determine the jet radius at the 
surface: 

R s = 0.1 1 R<> + 0.19 H s 

where: R s is the jet radius at the surface 

Ro is the jet radius at the nozzle outlet 
H s is the liquid height above the nozzle outlet 

The following relation was used to determine jet flow rate at the surface (Ref. 4.9-3). 

Qs / Qo = 0.25 H s / Lo 

where: Qs is the volumetric flow rate at the surface 

Qo is the volumetric flow rate at the nozzle outlet 
Lo is the nozzle characteristic length, nozzle area 0 - 5 

The dimensionless geyser height was evaluated for different flow rates at tank fill levels to determine 
the flow rate and fill conditions satisfying the geysering requirement. The results are presented in 
Figure 4.9- 1 which shows the jet characterization parameter, F, as a function of flow rate for three fill 
levels. The geysering requirement is satisfied in the region described as "Row Pattern I", where 
geysering through the liquid surface does not occur. A variable flow rate between 20.4 - 24.9 kg/hr 
(45-55 lbm/hr) permits operating in the Row Pattern I region for all fill levels. 
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Figure 49-1 F -Factor as a Function of LH2 Flowrate and Tank Fill Level 


The mixing time was calculated with two correlations. The first correlation is the following equation 
by Aydelott (Ref. 4.9-4): 

T = Q 0 tVb 

where: T is the dimensionless mixing time 

Qo is the jet flow rate at the nozzle 
t is the actual mixing time 
Vb is the liquid volume 

The following equation correlates dimensionless mixing time with the dimensionless geyser height, F. 

T = 0.09 + 0.01 ln(F) 

The second correlation for mixing time is the following equation by Poth and Van Hook (Ref 4.9-5): 


T = V 0 D 0 t/Dt^ 


where: V 0 is the jet velocity at the nozzle 

Dq is the nozzle diameter 
Dt is the tank diameter 


The value for the dimensionless mixing time, T, was assumed to be 5. pc mixing time for the supply 
rank was evaluated using both correlations and a flow rate of 24.9 kg/hr. The results of the two 
^reS^tre reasonably close and indicate a mixing time of 1.0 - 1.5 hours, as shown m Figure 


4.9-2 below. 
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Figure 4.9-2 Mixing Time Predictions as a Function of LH2 Flowrate 

Supply Tank Internal TVS Heat Exchanger Sizing/Analvsis - The internal Thermodynamic Vent 
System (TVS) Heat Exchanger (HX) will be utilized to remove heat from the cryogen in the COLD- 
SAT supply tank. This HX can be used in two modes. The first is labeled nominal and is a situation 
where the heat removal rate (i.e. line flow rate) is equal to the heating rate of the fluid. This case will 
be utilized to maintain a constant tank pressure. The other operational mode will be where the flow 
rate exceeds the nominal case to reduce tank pressure. As of now, the TVS HX will only be utilized in 
the nominal mode, but the capability for the excess flow must be accommodated for in the design. 
The other function for the HX will be to ensure vapor-free operation of the tank Liquid Acquisition 
Device (LAD). By routing the HX properly over the surface of the LAD, the cooling capability of the 
fluid can be used to condense any vapor bubbles that might form in the LAD. These two requirements 
provide a complication in the design, since to provide cooling to the entire LAD might present a 
different flow rate than the first requirement would call for. 

This analysis was performed to determine a required HX line diameter. The primary design driver for 
the HX sizing was the amount of heat transfer that would occur between the HX and the tank fluid. 
This parameter is not controllable, so limiting cases had to be evaluated, and a design chosen that best 
covers the entire range of conditions. The line length was bound by geometry of the tank to between 
10.67 and 15.24 m (35 and 50 feet). This also became a requirement on the system. The analysis has 
shown that a 0.635 cm (1/4 inch) O.D. tube with a 1.651 cm (0.650 inch) wall thickness is the best 
choice to satisfy the requirements. To ensure that the two functional requirements can be met, separate 
flow control legs will be needed (i.e. if the nominal flow will not cool the entire LAD, extra flow will 
be required for a short time to meet that objective). This aspect of the design will also provide for the 
modulation of the heat removal capability, to allow for variances in the nominal heat flux into the 
cryogen. 

The analysis was performed using two computer programs. The first was a specially written analysis 
routine that predicts the length of pipe required to completely vaporize a two-phase flow. This model 
was used to perform the parametric analysis required to size the line. The code uses Chen's two-phase 
heat transfer correlation for the boiling heat transfer value. The second model used was TWOPHS. 
This code was used to verify the predictions of the first model (once a particular size had been chosen) 
and to predict the pressure drop through the line. In all cases run, the environmental variables were 
kept fixed. The assumed environment was an inlet pressure of 34.5 kPa (5 psia) throttled from a tank 
pressure of 103.4 kPa (15 psia) and an acceleration level of 1 micro-g. These values certainly will 
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alter the results if changed but they were chosen since they represent the nominal values for COLD 
SAT. 


The models were run with two different limiting values for the external heat transfer, natural 
convection and conduction. Since low-g heat transfer is a great unknown, these values were usedas 
an upper and lower bound on the amount of heat transfer to the heat exchanger, hi reality, the tni 
value wUl fall in between the two limits. Other limits on the analysis were that the flow must _be ftdly 
vaporized before exiting the tank (so that no fluid cooling capacity is wasted) and that the pressure 
drop in die line will be limited to 6.89 kPa (1 psid). This limit was placed so that the flow control 
orifices would be the point of greatest pressure drop, therefore providing true flow control. 

Three different line diameters were investigated. These woe a 0.3175 cm (1/8 tj| ch ) 
cm ( 035 inch) wall, a 0.476 cm (3/16 inch) line with a 1.245 cm (0.49 mch) wall and a 0.635 cm (1/4 
Sh) tube with a 1.651 cm (0.65 inch) wall. The large wall thicknesses were chosen to reduce die net 
heat transfer through the tube, and to allow for ease of fabrication. The required line lengths for the 
SSSr ^ vatSriration to oUm are plotted for different cases in Figure 4.9-3 Here it can be seen that 
if thereat transfer is dominantly via convection, the flow will vaporize before exiting the > tank, 
whereas if conduction dominates, then the chosen length is approximately correct .This 
to feel that the HX should be the 0.3175 cm (1/8 inch) line, since this ^ a/g fnch) 

desired design. However, the pressure drop analysis shows another result. °-^ fm i (1/8 mch) 

line is such a restriction to flow, that the nominal flow rate cannot be achieved in the line even if the 
pressure drop is the full 34.5 kPa (5 psid). Only the 0.635 cm (1/4 inch) line can achieve the desired 
flow rate with a 6.89 kPa (1 psid) pressure drop. 



Figure 4.9-3 Heat Exchanger Performance for Different Line Sizes 

The analysis has lead to certain design requirements for the TVS HX. The first is that the line will be a 
0.635 cm (1/4 inch) stainless steel tube with a 1.651 cm (0.65 inch) wall thickness. This requirement 
has been shown to be driven more by the pressure loss in the line than the heat transfer characteristics. 
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Since the flow in the 0.635 cm (1/4 inch) line will probably completely vaporize at around the 6. 10 m 
(20 foot) point of the line, the requirement to cool the entire LAD will not be met To achieve this, the 
capability to have 3 to 4 times the nominal flow will be needed. This extra flow will result in excessive 
pressure loss in the line, so flow control may not be possible for this amount of flow. One option is to 
have three flow control legs. Two of these legs (for < nominal and > nominal) will be used for heat 
removal and the third will provide flow control for the LAD if the need arises. Another option that is 
not as desirable is to dump the flow directly overboard in the high flow case. This would alleviate the 
possibility of overcooling the VCS during this mode of TVS operation. The drawback to this is the 
requirement for another thermal short to the VCS. Finally, the use of a 0.476 cm (3/16 inch) line 
could be studied in more depth. This would be a better choice from a heat transfer point of view, but 
not from others. 

Supply Tank Compact Heat Exchang er (CHX) Sizine/Analvsis - Although the CHX will be used in 
the Pressure Control Experiment, the analysis for sizing and performance has been performed for the 
Liquid Subcooling During Outflow Experiment The design requirements of the CHX are based on 
the outflow requirements of this experiment and the CHX capability is employed for pressure control. 
Therefore, the results of this analysis and design study are presented in Section 4.9.8 later in this 
report 

Su pply Tank Pressure Control Thermal Analysis - The thermal design of the COLD-SAT supply tank 
was undertaken to ensure that thermal control of the cryogen could be obtained. With the use of a 
Thermodynamic Vent System (TVS), a Vapor-Cooled Shield (VCS), and Multi-Layer Insulation 
(MLI), the heat flux into the tank can be controlled to whatever level is required by the thermal design. 
The heat flux value for the COLD-SAT supply tank was set at 0.315 W/m 2 (0.1 Btu/hr-ft 2 ) per 
direction from NASA LeRC. This value resulted in a required tank heat leak of 4.01 W (13.7 Btu/hr). 
Another imposed requirement was that the heat transfer into the cryogen via conduction paths should 
be less than 10% of the total tank heat leak value. The two customer directions plus the functional 
requirement to control tank pressure were the primary design drivers for the system. 

The two customer directions were used to determine the derived design requirements of the tank 
insulation system. Analysis of the tank lockup case has shown that the desired heat flux can be 
obtained with 1.905 cm (3/4 inches) of MLI on the inner tank and 3.175 cm (1-1/4 inches) on the 
VCS. The conduction can be limited to -7% of the total heat leak via the use of thermal intercepts 
between the VCS and the tank supports and plumbing. The heat flux requirement has set the nominal 
TVS flow rate to 0.032 kg/hr (0.071 Ibm/hr). The TVS analysis assumed an internal heat exchanger 
length of 6.10 m (20 feet) and VCS HX length of 9.14 m (30 feet). The TVS tank thermal analysis 
has shown that this flow rate will indeed provide control of the tank pressure for the HX designs 
derived. 

The thermal analysis of the COLD-SAT supply tank was initiated by constructing a tank thermal 
schematic. This schematic accounts for all fluid and thermal nodes to be used in the model. As can be 
seen in Figure 4.9-4, the tank wall and fluid have been broken into 5 separate nodes, with the 
sectioning propagated out through the MLI layers and the VCS. From this schematic, a thermal R-C 
network of the system was generated which fed into the MMCAP model input deck. The MLI was 
broken up into two sets of nodes to represent the middle and the surface of the insulation. The tank 
model also includes the TVS Heat Exchangers (HX) in the tank and on the VCS. 

To finish the development of the MMCAP model, the conduction paths had to be accurately accounted 
for. First an estimate of the wiring cross sectional area required to service the instrumentation, pumps, 
and valves was made. This estimate looked at the size of wire needed to prevent self-heating of the 
wire itself. A better estimate could be made if the component data were more developed. In that case, 
the wire could be sized so as to not produce too much voltage drop upstream of the component. To 
account for this factor, a sizeable margin of safety has been applied to the wire area. 
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Figure 4 .9-4 Thermal Model Representation of MM CAP Thermal Model (R-C Network ) 

Next, a summary of all the conduction parameters was made. The support s i“s werc sealed from 
[hose proposedfor the Superfluid Helium Tanker. The pipe sizes were calculated from the fluid 
system schematic, and the wiring size was generated as explained above. 

The first analysis performed was a modeling of the pressure rise that will occur when the tank is 
locked up (i e^ERD 1.1 & 1.2). This analysis was performed to predict a tank heat flux man attempt 
SdSSSto to required amount and distribution of MLI. The tank pressure can be pn^a«tbut 
this value cannot be modeled with high fidelity since the fluid has oniy been broken into 5 nodes. 
After numerous runs it was found that the required heat flux can be obtained wtth l. 905 cm (3/4 
SS oS inner tank wall and 3.175 cm (1-1/4 inches) on the VCS. The chosen bounc^ 
(vacuum jacket) temperature for this analysis was 278 K (500 R) which is an average envuonmenui 
value This temperature was relatively high to ensure that the heat flux goal could be met and if the 
vdued^efLTx^ted, the amoum of MLI will be allowed todecrease also. The lockup ana^n 
has also shown that to limit the conduction heat leak to less than 10% of the totalaO.305 m (1 -f<x>t) 
piece of 12- gauge wire will be needed to thermally tie the supports and plumbing to he VCS, 
olh^rise this value would have been 40% of the total heat leak without thermal intercepts to the VCS. 

The lockup model was also used to predict the warm-up time of the dewar once 
Hrnleted since there was interest in including this experiment m the ERD (Ref. 4.9-6). The analysis 
S 500 K wSTe tank wall had only risen to -111 K (200 R). From thts model an 

esdmaxe of 3 to 4 months to warm the tank to ambient was made. 

Figure 4 9-5 presents the pressure rise of the fluid during the tank lockup case. The STRAT code has 
tvoicallv been used to predict the true pressure during the test, but the results of this model compare 
well wfth The Ss of the STRAT predictions (the STRAT model lock-up simtification 
predictions will be presented in the following section). The lockup case nrodeled here is at tlw 95% fill 
K with a nominal heat flux of 0.315 W/m* (0.1 Btu/hr-ft*) m a 1x10-6 g environment. Themmal 
hump in the pressure curve is controlled by the choice of initial conditions. The lockup was assumed 
to KbS Sdiately after tank mixing, therefore the fluid was in a homogeneous two-phase 
condition. ^ review of recent ground testing of a similar condition has shown that this initial hump 
does show up in the data. The hump is caused by the ullage needing a superheat to transfer heat and 
mass to the liquid. Thus when the lockup begin, the gas will have an initial temperature rise resulting 
in the pressure hump before condensation starts to occur that reduces the pressure nse rate. 
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Figure 4.9-5 MMCAP Model Tank Pressure Rise During Lock-Up (95% Fill ) 

After the lockup case was finished, the task of modeling the TVS operations was begun. The supply 
tank TVS analysis runs have shown that the nominal flow rate will indeed reduce the tank pressure, 
allowing this variable to be controlled without free venting to space. The amount of time for this 
pressure reduction to take place has been found to be very dependent on the choice of initial conditions 
for the model. As can be seen from the pressure profile plot in Figure 4.9-6, the first cycle can take 
much longer than subsequent ones. In fact, the first cycle proceeds for 50 hours before the pressure 
stops rising. A more detailed model that has a set of boundary layer fluid nodes in contact with the 
TVS only might provide a better modeling of the pressure response. 

The thermal pan of the model has proven to be more stable and predictable. The TVS HX flow has 
shown to become fully vaporized at the 6.10 m (20 foot) point in the line, just as other modeling had 
predicted. The VCS does develop a 28 K (50 R) temperature differential during TVS operations, but 
this could be alleviated by the use of non-uniform spacing of the tubing on the VCS. Finally, the use 
of the VCS HX has reduced the tank heat leak to a value -30% of the lockup value. This reduction in 
heat leak will provide the capability to store the LH2 over a longer period of time than originally 
allocated for, or conversely less fluid will have to be budgeted for boiloff. 

Figure 4.9-6 presents the pressure profile during one particular TVS run. The case modeled is for a 
95% fill level in a 1x10-6 g environment with a boundary temperature of 278 K (500 R). The pressure 
profile is very dependent on initial conditions. In the case modeled here, the tank is assumed to be in a 
two-phase condition (as it would be after a mixing test) when the TVS is turned on. If the tank had 
been initially stratified then the pressure response would have been much different. Another parameter 
that could be varied is position of the ullage. In this run the ullage is assumed to be at the top of the 
tank (meaning positioned at the far end from the inlet of the TVS HX). Due to this configuration the 
flow has completely boiled by the time it reaches the ullage resulting in little direct cooling of the gas. 
If the reverse had been assumed the gas would have cooled off much quicker, and the pressure 
response would have been more dramatic. One idea to better model this system would be to include 
fluid nodes that act as a thermal barrier between the bulk fluid and the HX. These nodes would be 
along the wall and could be set up to act as a thermal boundary layer that would pump heat into or out 
of the ullage depending on the configuration. 
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Figure 4.9-6 Supply Tank Pressure Response During TVS Operations 

The conclusions that can be drawn from this analysis are quite interesting. If the pressure actually 
takes 250 hours to respond to the TVS flow, then the time allocated for TVS testing is not adequate. If 
the test had only been run 50 hours, no reduction in the pressure rise rate would have been seen at all. 
Further modeling is required to determine if these large thermal time constants are required, but it does 
seem that it would be very desirable to modify the ERD to include some long term (20 days or more) 
steady state TVS tests where all other systems are left idle. 

The temperatures of the fluid nodes and the interface illustrate the degree of stratification that results 
during TVS pressure control. The gas temperatures tend to exhibit a similar response pattern as seen 
in the pressure plot. The stratification in the remaining fluid nodes (liquid) contributes to the node-to- 
node heat transfer. The choice of ullage position will dictate the level of stratification in the liquid and 
in the gas. If the ullage were in direct contact with the TVS HX, the gas would become less stratified 
relative to the liquid, resulting in a lower overall tank pressure. 

Figure 4.9-7 below presents a slice through the insulation system showing the temperatures of all the 
nodes progressing radially outward from the tank wall, and at the bottom of the tank. Temperature 
results at the top of the tank are similar but are not presented here. The plot shows the reduction in the 
VCS and MLI node temperatures due to the vent gas flow in the VCS HX. It can be seen that the vent 
flow cools the VCS substantially, and that it also cools the MLI layers as well via radiation from the 
VCS. The inner MLI (IMLI) layer actually becomes warmer than the VCS while the TVS is operating. 
This is expected since conduction through aluminum is a much better driver of a heat flow than 
radiation to the MLI. If the vent flow rate were to be reduced to a value lower than the one needed for 
the nominal lockup case (i.e. to a point where its heat removal capability would be equal to the heat 
flux) the TVS would not have to cycle on and off and a new steady-state temperature profile would 
develop. In reality, hitting this point would be very hard to do, so the best idea would be to have one 
flow leg with a rate less than required, along with a second higher flow leg that would be periodically 
turned on and off to maintain relatively constant tank pressure. 
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Figure 4.9-7 Tank Temperature Profiles During TVS Operation (Bottom of Tank) 

The maximum temperature difference that develops on the VCS heat exchanger operations is 
approximately 28 K (50 R). The temperature difference develops as a result of colder TVS fluid 
entering at the bottom of the shield that exits at a warm gas condition at the exit of the HX at the top of 
the shield. This temperature difference could be reduced to maintain uniform thermal conditions on the 
shield if the VCS heat exchanger tubing is routed in a non-uniform manner alternating from the bottom 
to the top of the shield continuously. The reduction in TVS flow resulted in a net drop in the tank heat 
leak from a value of 4w (13.7 Btu/Hr) when the TVS was not operating to 1.5w (5 Btu/Hr). 

Supply Tank Thermally-Induced S tratification Modeling Analyses (STRAP - The STRAT code was 
developed for the specific purpose of analyzing thermal stratification in cryogenic hydrogen and 
nitrogen tankage systems via a buoyant flow boundary layer simulation in Iow-g that accounts for 
boundary layer convection heat and mass transfer. The STRAT code has the capability to model 
multiple fluid layers (up to 200) subject to boundary layer flow conditions, allows modeling of 
arbitrary tank geometries with insulation, allows the user the capability to prescribe slowly-varying 
uni-directional g-fields, and to prescribe time-dependent tank wall heat fluxes. The model is applicable 
to acceleration levels of 10-7 g’s or more and for heat fluxes less than the nucleate boiling threshold, 
which is consistent with the COLD-SAT experiment tank environments. The finite-difference 
equations for boundary layer and bulk fluid heat and mass transfer are solved in conjunction with a 
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liquid/vapor interface heat and mass transfer balance. The latest thermal stratification analyses for 
COLD-SAT have been performed with the use of this code. 

A container of cryogenic fluid in a gravity field subjected to heating or cooling at the container walls 
will develop ffee-convection boundary layers at the wall-fluid interface. These boundary layers will 
develop flow such that the heated fluid is carried towards the top of the container, or in a direction 
opposite of that to the direction of the gravity vector due to buoyancy forces. It is the result of 
buoyancy forces that causes a boundary layer to develop along the inside of the tank wall. The 
boundary layer flow starts from the bottom of the tank and grows within each fluid constituent (liquid 
and gas), thus developing to its utmost at the top of each fluid constituent The boundary layer mass 
flow is dumped into the top liquid and gas nodes. The net effect of boundary layer flow into the 
topmost liquid and gas layers causes a net downward flow in the core of the bulk fluid. As a result of 
these processes, thermal stratification of the fluid (temperature and density variations in the fluid 
layers) in the tank results, the degree to which depends on the heating rate, g-level, fluid properties, 
and the tank geometry. 

In STRAT, the stratification process is handled by a series of fluid mass and heat transfer processes in 
the tank wall, the boundary layer flow, and the bulk fluid elements in the tank. A physical 
representation of a tank fluid stratification model and these processes is depicted by Figure 4.9-8 
below. 



Figure 4.9S Physical Representation of Fluid Stratification Model 

The tank wall and fluid are modeled by a series of interconnected tank wall and bulk fluid elements as 
shown. The wall and fluid elements are mated to one another in a one-to-one correspondence since the 
STRAT computer program builds an internal conductor network on this basis. Each of the wall and 
fluid elements (nodes) are horizontal flat layers perpendicular to the direction of the gravity vector, 
with the liquid nodes at the bottom and building upward in the opposite direction of the gravity vector 
into the vapor ullage nodes. 
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An insulation thickness can be built uniformly around the tank wall through which an external tank 
heat flux is calculated. If a heat flux is known as a system design requirement, the option exists to the 
user to specify a fixed tank wall heat flux or a heat flux that varies with time. Both of these heat flux 
options will be superimposed to yield a net tank wall heat flux. This heat flux is a necessary condition 
to cause stratification in the fluid. 

A comparison of two independent computer models for predicting stratification in the COLD-SAT 
liquid hydrogen supply tank has been accomplished. The STRAT boundary layer flow model 
simulation was cross-validated with Row Sciences computational fluid dynamics code, FLOW-3D. 
This was a preliminary comparison for purposes of cross-validation of the predictive ability of the new 
STRAT code for predicting cryogenic fluid thermal stratification in low-g with reasonable heat fluxes 
imposed on the fluid. The validation was preliminary since little or no valid test data is available at low 
enough heat fluxes and controlled fluid conditions with which to validate its capability. 

The COLD-SAT supply tank was modeled using both models for a 95% full tank condition. With a 
high fill level, the fluid stratification process will be primarily restricted to the liquid constituent and not 
the gas since the FLOW-3D model is not able to handle a two-phase fluid system. Only the liquid 
portion of the system could be modeled by FLOW- 3D, so this provided similar conditions in both 
analyses for purposes of valid results comparison. The analysis was conducted to assess the validity 
of STRATs buoyant convective flow model with that of FLOW-3D's finite element fluid model. It 
was assumed that the FLOW-3D model prediction would be more accurate in terms of its capability to 
fluid problems of this nature and its extensive heritage in industry, and so it provided the basis for 
comparison of the STRAT prediction. The same thermodynamic properties and equation of state were 
used in both models and the liquid surface was assumed flat by imposing a zero surface tension 
condition to the free surface in the FLOW- 3D model. In addition, the same uniform heat flux was 
applied to the tank wall area encapsulating the liquid vol ume 

The maximum and minimum temperature conditions in the bulk liquid were extracted from the analysis 
runs at two heat flmtes, 0.315 and 1.892 W/m 2 (0.1 and 0.6 Btu/hr-ft A 2). The comparison at low heat 
flux is shown in Figure 4.9-9. The two heat fluxes analyzed provided more than one data point from 
which comparisons in model predictions could be made. Excellent agreement was obtained between 
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Figure 4.9-9 Comparison of STRAT and FLOW-3D Model Predictions for Low Heat Flux 
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the two nryttfris The chart shows a ma ximum liquid temperature difference of about 0.17 K (0.3 R) at 
200 hours time. The symbols on the plot are the FLOW-3D predictions whereas the continuous lines 
represent the STRAT temperature predictions for the minimum and maximum liquid temperatures. 

The results of the FLOW- 3D model show evidence that a distinct boundary layer has developed at the 
tan lc wall by virtue of the steep temperature isotherms near the wall as opposed to the flatter profiles in 
the bulk fluid region similar to the manner in which the boundary layer physics of the STRAT code 
tend to predict this phenomena. A net upward flow along the tank wall in the B.L. exists that gives 
way for a net downward flow in the bulk fluid. Therefore, the predictions are similar to both models 
for the fluid phenomena occurring from the conditions imposed. 

A few significant conclusions can be made regarding the validation of the STRAT model with the 
FLOW- 3D code. Excellent agreement was obtained for two independent sample ran cases that used 
different heat fluxes since hearing is the primary driver for fluid flow. Although these comparisons 
provided outstanding agreement and a means for cross-validation between analytical capabilities, 
applicable test data still needs to be obtained for the best possible validation of the STRAT code. The 
FLOW-3D predictions are believed accurate due to its extensive checkout and validation by the Flow 
Sciences Company and through its extensive use by its many users in industry. For these reasons, 
STOAT was determined to be more than adequate for predicting stratification in cryogenic tanks. 

Analyses of the COLD-SAT ERD stratification tests have been conducted with the use of the STRAT 
code. An example of the pressure rise and temperature stratification results are presented in Figures 
4.9-10 and 4.9-1 1, which graphically show the pressure rise and fluid temperatures, respectively. The 
case shown is for a 95% full supply tank at the low heat flux value of 0.315 W/m 2 (0.1 Btu/hr-ft 2 ) 
which is meant to represent test 1.1-2. Note the difference in temperature (stratification) that develops 
for the liquid in the tank at this high of a fill level. 



Figure 4.9-10 STRAT Supply Tank Lock-Up Pressurization Predictions 
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Figure 4.9-1 1 STRAT Supply Tank Lock-Up Stratification Fluid Temperatures 

Receiver Tank Heat Exchang er Thermal Analysis - The thermodynamic vent system (TVS) heat 
exchanger is the primary means of controlling the tank pressure by removing heat flux from the 
cryogenic tank. The functional requirement of the receiver tank TVS heat exchanger is to provide 
passive thermal control with the use of an external wall-mounted heat exchanger. 

A receiver tank heat exchanger analysis was performed to investigate heat removal capacity, required 
line sizes and lengths, tank wall temperature gradients, line spacing, and proposed HX tube attachment 
methods for the COLD-SAT receiver tanks. The assumptions were made to consider an external wall- 
mounted design that completely dries out at the end of its length on the tank, and one that removes a 
quantity of heat consistent with the required tank wall heat flux (this analysis assumed a heat flux of 
1.577 W/m 2 (0.5 Btu/hr-ft 2 )). 

Since no absolute requirements for the design of the receiver tank wall-mounted heat exchangers were 
defined by the customer, an assumption was made to provide uniform heat exchanger wall coverage 
such that wall temperature gradients could be reduced to 1.1 K (2 R) or less. This assumption became 
one of the design requirements. This is an important requirement since high wall temperature gradients 
(from hot spots) could inherently contribute to stratification in the tank due to non-uniform wall heat 
input to the fluid. It is desirable to separate the effects of stratification and pressure control in the tanks 
as much as possible, which is accomplished by maintaining uniform wall temperatures. 

Overall HX-to-wall conductances and contact conductances from the thermal analyses were derived for 
a number of arbitrary candidate heat exchanger design configurations. The computed thermal 
characteristics (heat exchanger conductances) of the candidate designs became the derived design 
requirements for the configurations analyzed. An unlimited number of possible design concepts could 
potentially be considered. 

High resolution thermal models of the receiver tank HEX’s were developed with Mini-MITAS to 
handle the detailed HX design variables that affect a HEX's performance in order to assess reduction 
of wail temperature gradients* The HX tube attachment methods and the selection of materials are 
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variables that will affect the thermal performance of the HX design. Uniform HX coverage of tank 
walls can only be achieved by controlling material thermal conductivities and HX tube contact 
conductances. Therefore, the Mini-MITAS models of each receiver tank geometry was developed to 
model general HX tube networks with the flexibility to change thermal performance variables for 
parametric analysis and evaluation. 

The high fidelity (resolution) steady-state MTTAS models were developed to be used for predicting 
TVS heat exchanger performance of arbitrary heat exchanger networks as defined by the user. Tank 
wall temperature profiles and heat removal capacities were calculated from the analysis runs so that the 
performance of specific designs could be characterized. The models possessed the capability to define 
arbitrary paths and lengths of HX tube and to vary heat transfer conditions such as film coefficients, 
thermal conductivities, HX tubing size and contact area, and tank wall thickness and area. Each tank 
model is comprised of a tank grid nodal network that is interconnected by a conductor network. 
Receiver tank 1 has 362 tank elements and receiver tank 2 has about 218 wall elements (each tank has 
24 sectors.) 

The equivalent conductances for each of the HX design configurations analyzed were computed from 
the model variables with the assumption of infinite contact conductance between the tube and outer 
tank wall. The equivalent conductance is computed from a series conductor relationship for the heat 
transfer through the HX tube wall thickness and through the tank wall itself. The equivalent contact 
widths (HX length and contact width make contact area) from which the equivalent conductances are 
determined are shown in Table 4.9- 1 below. The smaller the conductance, the longer the HX can be 
and the more uniform the wall coverage is for the same heat removal capability. Contact conductances 
are computed in a similar manner by introducing an additional conductor in series with a known 
contact area and assuming the same overall conductance value. These are shown in the table as well. 
The contact conductance is limited by the overall equivalent conductance when the contact area is large 
enough not to affect the heat flow (relative to assuming an infinite conductance between the HX tube 
and the tank wall). 

Table 4.9-1 Receiver Tank Heat Exchanger Derived Contact Conductance Design Requirements 


CONFIG # 

HX 

LENGTH-m 

WALL TEMP-°K 

MIN MAX 

1 

Geq 

-W/K 

Gcc 

-W/K 

Gcc/A 

-W/m A 2-K 

CONTACT 

WIDTH-cm 

Receiver #2 

■ 

i 


m 

Ml 



#1 AIHX 

I 

17.3 i 

22.2 



6626 

.476* 

SS HX 

fH 

(31 .2 R) 

(40.0 R) 

m 

1 

9698 

.953* 

#2 AIHX 

4.77 

18.3 

21.7 

4.30 


71.5 

.0082 

SS HX 

(15.64 ft) 

(33.0 R) 

(39.0 R) 


IBB 

72.7 

.028 

#3 AIHX 

9.28 

19.2 

21.1 

2.11 

2.11 

17.9 

.0021 

SS HX 

(30.45 ft) 

(34.6 R) 

(37.9 R) 




.0070 

#4 AIHX 

12.1 

19.9 

20.9 

1.80 

1.79 

11.7 

.0014 

SS HX 

(39.66 ft) 

(35.9 R) 

(37.7 R) 




.0046 

Receiver #1 

4.89 

17.9 

21.8 





#1 AIHX 

(16.03 ft) 

(32.2 R) 

(39.3 R) 

28.7 

30.0 

483.8 

.053 


* Heat Transfer to HX Limited by Fluid-to-Wall Convection Heat Transfer Coefficient; Values 


Shown are Minimum Widths for Maximum Heat Transfer 
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The analysis derived thermal requirements for a number of candidate HX configurations that can feed 
into the design of the heat exchangers. The analysis has indicated that a longer heat exchanger length 
is necessary and required to reduce the tank wall temperature gradients for improved stratification 
control of the fluid in the tank, however, these longer designs require more detailed attachment 
methods (less contact) based on the low heat fluxes considered. On the other hand, shorter designs 
require intimate wall contact yet result in higher tank wall temperature differences. The shorter designs 
do have one advantage in that they are less complex and can be attached to the tank wall through more 
conventional methods for the same heat removal capacity (such as welding). 

Under the next phase of the COLD-SAT program, it will be more practical to conduct detailed 
parametric studies of wall-mounted heat exchanger designs once the tank designs become finalized. 
Posable attachment methods include insulating the heat exchanger lines and/or intermittently clipping 
the lines to the wall with low thermally-conductive clips. These and other viable approaches will be 
investigated in the next phase of the program to finalize the heat exchanger design. 

Thermoacoustic Oscillation ( TAP) Phenomenon Analysis - The heat leak into cryogenic tankage 
systems can become exorbitant if the phenomenon of thermoacoustic oscillations is allowed to occur. 
Such a phenomenon is known to occur primarily in liquid helium and hydrogen plumbing systems in 
which cold lines from a tank are connected to warm valves or lines at some length from the point of 
cold contact. Thermoacousdc oscillations result from a thermally-driven expansion and contraction of 
cold gas inside plumbing lines that is accompanied by a large magnitude of heat transfer from the warm 
end of the line to the cold tank. This heat leak can be on the order of many times the heat leak allowed 
in the tank design and therefore, must be eliminated by the COLD-SAT design. 

An analysis was performed to analyze this concern in the COLD-SAT experiment plumbing for any 
possibilities of occurrence. A worse case analysis was assumed and theoretical TAO stability curves 
developed for helium and hydrogen were used for making rough order of magnitude predictions of 
TAO in the COLD-SAT design. The derived design requirement is to eliminate TAO concerns in the 
design so that the proper tank heat flux can be designed into each tank. 

The analysis predictions indicated that TAO would not be a concern in the COLD-SAT 
tankage/plumbing design. The only plumbing suspect for TAO were the three tank vent lines which 
were routed to relatively warm valve panels that introduced a potential source of heat leak for the 
oscillating gas in the lines if TAO were to occur. The theoretical analysis predicted that the existing 
COLD-SAT vent line lengths were short enough to preclude the occurrence of TAO even in spite of the 
assumed worse case analysis conditions. The supply tank vent line length was 3.96 m (13.0 feet) 
long, as compared to 7.47 m (24.5 feet) required for TAO instability to occur. Likewise, the receiver 
tank vent line lengths were 1.07-1.37 m (3. 5-4.5 feet) in length as compared to an allowed 3.32 m 
(10.9 feet) of length before the onset of TAO. These data are shown in Table 4.9-2 below. The 
conservatism in the analysis and the short vent line lengths provide a safety margin. Testing will 
indicate whether or not TAO is of concern in the final design. 


Table 4.9-2 Derived Design Requirements for Thermoacousdc Oscillations 


LENGTHS 

SUPPLY TANK 

RECEIVER TANKS 

ALLOWABLE 

ACTUAL 

7.47 m (24.5 FT) 
3.96 m (13.0 FT) 

3.32 m (10.9 FT) 
1.07-1.37 m (3. 5-4. 5 FT) 
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Thermoacoustic oscillations can occur spontaneously in gas or vapor lines containing helium, 
hydrogen, nitrogen, or neon in which a temperature difference exists between the ends of the tubes. 
The wann end is closed or restricted and the cold end is open to the liquid dewar. As already 
mentioned, extremely high heat transfer rates can occur as a result of the thermally-dnven oscillations 
between the warm and cold ends of the tube. 

Thermoacoustic theory has been developed for these gases subject to rapid heating and cooling which 
describe the stability regions for predicting TAO in plumbing geometries. An analysis was performed 
using the TAO theory in order to identify plumbing lines in the COLD-SAT experiment subsystem and 
to predict whether or not TAO is expected to occur. 

The stability curves for hydrogen are a plot of temperature ratio versus a dimensionless parameter, Y c . 
The temperature ratio is the ratio of the hot-to-cold end tube temperatures and the dimensionless 
pa rame ter is a function of the tube geometry and the gas fluid properties. The occurrence of TAO 
becomes more pronounced with an abrupt change in temperature although a gradual change in 
temperature does not necessarily exclude the possibility of occurrence. A series of "stability ’’ curves 
developed from the theory were used to make the TAO occurrence predictions for the COLD-SAT 
spacecraft (Ref. 4.9-7). Each curve is represented by a different hot-to-cold tube length ratio (eta 

ratio). 

A plot of the thermoacoustic oscillation stability curves for hydrogen is shown in Figure 4.9-12 below. 
Curves are shown for many hot-to-cold line length ratios. The eta ratio is defined to be the ratio of the 
warm (hot) to cold ends of the tube that penetrates the tank. The alpha ratio is defined as the ratio of 
the hot end to the cold end temperatures of the tube. The parameter Yc, is a combination of fluid 
properties and the radius of the tube. It is defined as the tube radius times the square root of the 
quantity: velocity of sound at cold gas temperature divided by the cold length times the kinematic 
viscosity. It is expressed as: 


Yc = r|c77;) 

where r= tube radius 

Q= velocity of sound at cold temperature 
Lc= length of cold end of tube 
Vc= kinematic viscosity of cold gas 

A worse case eta ratio (hot to cold length ratio) of 1.0 was selected for conservatism in the analysis. 
An eta ratio of 1.0 indicates that the hot and cold lengths of the tube are the same. 

The profile of the curves tend to open up to the upper right in the plot The region inside of the curves 
is the region of instability where TAO is expected to occur. The region to the left and below the curves 
is the region of TAO stability, the area that the COLD-SAT plumbing will be designed to. For an eta 
ratio of 1.0, a minimum temperature ratio of about 5.5 - 6.0 exists such that below this value TAO will 
never occur. Temperature ratios for COLD-SAT could typically get above a value of 10. 
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Figure 4.9-12 TAO Stability Curves for Liquid Hydrogen Based on Thermoacoustic Theory 


A great deal of work has been performed by Rott and others on the development of TAO theories (Ref. 
4.9-8) . The most extensive work has been conducted for helium for which there is much test data that 
has aided in the validation of the theories. A theory has been developed for hydrogen similar to that of 
helium, but no test data is available to validate the theory as of yet. Future work on hydrogen TAO 
testing is planned as early as spring or summer 1990 in order to obtain some real test data to validate 
theories. Dr. Timmerhaus at the University of Colorado is currendy working these issues and plans to 
conduct the testing with hydrogen under a grant (# NAG3-1018) from NASA-LeRC. Once test data is 
obtained, the issue of TAO will be investigated further in the next phase of the program. 


4.9.2 Tank Chilldown - COLD-SAT Receiver tank chilldown analyses were conducted for a spray 
chilldown process and for the tank wall heat exchanger chilldown process. Both chilldown processes 
have been shown analytically to perform adequately in order to achieve the required tank wall target 
temperatures prior to no-vent fill. The differences noted for each of these two processes include the 
heat transfer mechanisms, fluid usage, and times for chilldown. 

Sprav Chilldown Process - The spray chilldown process depends on the understanding of the fluid 
dynamics of the injected fluid and heat transfer processes occurring between the fluid (spray or 
otherwise) and the tank wall. As the chilldown fluid enters the tank as a spray, the small liquid 
droplets flash and boil at the lower tank pressure. The spray drops impact the warm tank wall and 
since the wall temperature is above the ''Leidenffost" temperature where drops bounce off the hot wall 
characteristic of film boiling, much of the heat transfer occurs by convection to the gas than by contact 
of the liquid with the wall. The process of film boiling imparts thrust forces to the droplets, which in 


4-71 




turn maintains fluid motion. These thermodynamic processes add vapor mass to the tank ullage and 
thus raise the tank pressure. Heat transfer due to film boiling and radiation heat transfer are present to 
some extent with the majority of the initial heat transfer occurring by flashing of the spray droplets as 
long as liquid is present and the tank pressure is below liquid saturation pressure. This process occurs 
very rapidly and the time taken is essentially negligible. The final phases of heat transfer involve 
convective heating of the resulting vapor until the chilldown gas reaches near the tank wall temperature 
at the maximum tank pressure. This is the time intensive portion of the chilldown process. The 
ultimate goal in order to characterize the chilldown process will be to examine and understand these 
processes and the mechanisms which control their behavior. 

The general energy equation describing this process for a control volume around the tank system is 
expressed as follows: 


M w Cpw dT w /dt - Qext * QwaLL “ QfLUID = m SPRAY ( u g' u g sat + hg sat'^1 sat) 

M w = Mass of wall (+ MLI + supports + hardware if affected by chilldown) 

Cpw = Wall specific heat (function of T\y) 

T w = Wall average temperature 

Qwall = Sensible heat stored in the tank wall 

Qext = Heat added from external sources (background heat leak) 

Qhjljud — Heat absorbed by the chilldown fluid from the tank wall and heat leak 

m sPRAY = Charge mass for chilldown cycle 

hi sat = Incoming saturated liquid enthalpy 

hg sat = Saturated vapor enthalpy 

Ug = Internal energy of vapor before venting 

Ug sat * Internal energy of the vapor at saturation 

This relationship states that the sensible heat stored in the tank wall and other affected tank system 
hardware is ultimately absorbed by the chilldown fluid for any given cycle. The Qfluid term 
encompasses all of the above mentioned fluid dynamic heat transfer effects that are being investigated 
in this experiment The chilldown fluid is initially injected into the tank for each cycle as a saturated 
liquid at the nominal supply tank pressure. Supply pressurization or CHX operations will provide 
subcooled liquid to insure delivery of pure single phase fluid (liquid) from the supply tank to the 
receiver tanks. 

Some of the heat transfer processes include liquid flashing, the heat transfer rate for drops splattering 
on a hot surface, the droplet breakup Weber Number for splattering, free convection heat transfer and 
correlations for evaporating droplet heat transfer, fluid to tank wall free convection heat transfer, 
forced convection vapor heat transfer, Leidenffost temperature for film boiling correlations, spray 
nozzle flow for choked and unchoked flow conditions, etc. These are all of the processes affecting the 
spray chilldown performance of the receiver tanks. Flashing, fluid convective heat transfer, and 
venting processes have been considered and are simulated by die fluid and thermodynamic analyses 
conducted. The results of these analyses are presented in this section of the Experiment Analyses. 

Figure 4.9-13 shows the schematic and the control volume entities for the energy balance of the tank 
chilldown process. The heating term for the tank wall heat exchanger (Qhx) should be ignored since 
the TVS heat exchanger will be inactive for the spray chilldown process. Typical tank pressure and 
chilldown fluid temperature transient profiles for spray chilldown are also shown in the figure as an 
example. A fixed quantity of chilldown fluid is sprayed into the tank at a predetermined flow rate and 
allowed to absorb heat from the tank until a delta temperature of about 5% is obtained between the tank 
wall and the chilldown fluid. At this time, the fluid (which is still colder than the tank) is vented 
through the tank vent in stages resulting in additional tank cooling for isentropic cooling of the 
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remaining gas in the tank. The process is continued until the tank wall reaches the "target" temperature 
of about 78 K (140 R) or less. 





Figure 4.9-13 Heat and Mass Balance of Tankage System and the Process During Chilldown 

The chilldown experiment and process performance has been predicted in reasonable detail using a few 
computer analytical capabilities for the refinement phase of the COLD-SAT program. The analytical 
capabilities include the use of the MMAG and NASA-LeRC developed computer codes, MMCAP, 
TARGET, and CRYOCHEL. TARGET computes the final chilldown temperature for each receiver 
tank before commencing with an adiabatic no-vent fill process. CRYOCHIL uses the target 
temperature as a finish point for mapping the number of chilldown cycles and chilldown fluid used for 
each cycle from an initial tank temperature [usually about 294 K (530 R)] given fluid and tank 
boundary conditions. The MMCAP model assesses the transient hold and vent thermodynamics 
following each charge cycle. The MMCAP model simulates the thermodynamics of the flashing, 
convective heat transfer, and venting processes resulting in reduced tank temperature and the time it 
takes to perform each of the charge-hold-vent cycles. 

The analysis assumptions and conditions for TARGET, CRYOCHIL, and MMCAP are shown in 
Table 4.9-3. These assumptions were driven by many different inputs. The target temperature range 
for the COLD-SAT receiver tanks is illustrated in Figure 4.9-14. The range of target temperatures 
varies considerably over the 137.9 to 206.8 kPa (20 to 30 psia) fill pressure region, that is expected to 
be the range of fill pressures for the no-vent fill. The temperatures are lower for receiver tank 1 by 
about 5.6 to 8.3 K (10 to 15 R) since this tank has a higher M/V ratio. The 137.9 kPa (20 psia) values 
arc the lowest at about 73.7 and 78.4 K (132.6 and 141.1 R) for receiver tanks 1 and 2, respectively. 
This is important because a single chilldown scenario will cover the range of target temperatures. 
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Table 4.9-3 Analytical Assumptions and Conditions 


TARGET 

(1) 95% fill level during no-vent fill 

(2) minimum target temperature for 138 kPa (20 psia) fill 

(3) saturated fluid conditions following fill 

CRYOCHIL 

(1) chill to minimum target temperature for range of fill pressures (138 kPa (20 psia) 

minimum ) 

(2) 345 kPa (50 psia) maximum vent pressure 

(3) 345 kPa (50 psid) vent stage pressure drop (single vent stage) 

(4) maximum initial tank wall temperature of 294 K (530 R) 

(5) charge mass attains 95% of tank wall temperature 

MMCAP 

(1) flashing and heating of each liquid charge mass initially to saturated vapor conditions 

(2) free convective wall to vapor heat transfer for stagnant fluid motion 

(3) forced convection heat transfer for persisting fluid motion case 

(4) vent system discharge coefficient based on choked flow at 345 kPa (50 psia) inlet 
pressure and 278 K (500 R) gas inlet conditions 

(5) tank vented to 13.8 kPa (2 psia) in last stage 



Figure 4.9-14 COLD-SAT Receiver Tank Target Temperatures 

Figures 4.9-15 and 4.9-16 illustrate the reduction in tank wall temperature and the cumulative charge 
mass injected for each of the COLD-SAT receiver tanks. The final temperatures noted are indicative of 
the target temperatures for subsequent no-vent fill to 137.9 kPa (20 psia). The resulting target 
temperatures are higher for higher fill pressures and smaller mass-to-volume (M/V) ratios. The 
number of cycles and chilldown mass required greatly increases for higher M/V tanks and lower target 
temperatures. This is typical of the higher M/V receiver tank 1, especially since the tank wall 
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temperature drops below 83 K (150 R) where the efficiency of the fluid used for cooling is less at the 
lower temperatures. 



Figure 4.9-15 COLD-SAT Receiver Tank Wall Temperature During Chilldown 



Figure 4.9-16 COLD-SAT Chilldown Fluid Usage 

The MMCAP model of the two receiver tanks was used to predict the amount of time for spray 
chilldown. Three specific heat transfer correlations were considered with which to bound the 
chilldown experiment processes. These were free convection for a Nussclt Number of 6, a Nusselt 
No. of 32 obtained from ORS flight tank data, and forced convection heat transfer Nusselt Numbers 
that range from approximately 160 to 430. The free convection heat transfer correlation model was 
assumed to represent the upper bound worse case for chilldown time. The lower bound was 
represented by the forced convection correlation for laminar flow over a flat plate. The times for 
chilldown can be substantially reduced if a persisting fluid motion can be induced for the cooling vapor 
in contact with the tank wall. In reality, a persisting fluid motion may persist for a short duration 
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relative to the whole drilldown process, unless a mixing capability is provided in the tank or fluid can 
be injected in spurts over the duration of each hold cycle. Fluid morion will cease due to fluid friction 
and the interference introduced by the internal tank hardware. The heat transfer correlations used in the 
MMCAP models are : 


Free Convection Nusselt Number Nu - C (Ra)“ = 6 (internal to MMCAP) 

ORS Effective Nusselt Number (Ref. 4.9-9) Nu » 32 (measured) 

Forced Convection Nusselt Number (Ref. 4.9-10) Nu = 0.664 Re L l/2 Pr 1/3 (ave., flat plate) 


The models examined the transient behavior of the first and the second to the last cycles for each 
receiver tank (thus the variation in forced convection Nusselt number at different temperatures). The 
transient performance for all of the cycles in between was assumed to vary linearly since it would be 
cumbersome to analyze each cycle independently. Figures 4.9-17 and 4.9-18 show the performance 
of the drilldo wn process (times) for each receiver tank considering the above heat transfer conditions. 

The time for chilldown from an initially warm tank wall temperature to the target temperature is a 
function of convective heating, tank M/V ratio, tank A/V ratio, and the target temperature. More 
chilldown rime is required where free convection heat transfer dominates at low Nusselt Numbers and 
where the temperature difference between the tank wail and chilldown fluid decreases. The times for 
free convective chilldown are probably higher than would be expected during the COLD-SAT mission. 
The performance of the ORS data is a more realistic candidate since it does not consider a purely 
buoyant system representative of Nu=6. Chilldown times on the order of a few hours could possibly 
be attained with more, inefficient fluid usage (quicker cycles) or by imparting a persisting fluid motion 
in the tank. 


Receiver Tank (1) 
M/V 3 5.23 



0 2 4 6 8 10 12 14 

NUMBER OP CHILLDOWN CYCLES 


Figure 4.9-17 COLD-SAT Receiver Tank 1 Chilldown Process Performance 
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Receiver Tank (2) 
M/V = 4.30 



Figure 4.9-18 COLD-SAT Receiver Tank 2 Chilldown Process Performance 

An increased number of vent stages during a particular cycle will optimally utilize the available cooling 
in the charge mass, but more time will be required to recover this added efficiency for vent stage 
warming of the cooled vapor. A fewer number of vent stages (one preferably) will only require 
slightly more fluid and reduce the chilldown rime considerably. This is the approach that will be 
adopted by many of the tank chilldown tests on COLD-SAT. 

Trade Study of COLD-SAT Receiver Tank C hilldown with Different Heat Fluxes - A trade study was 
conducted to determine the sensitivity of liquid hydrogen fluid consumption for chilldown while 
imposing two different environmental heat flux conditions, 0.315 and 1.577 W/m 2 (0.1 and 0.5 
Btu/hr-ft 2 ). The tank wall heat flux contributes to tank wall heating during the periods of the mission 
between tank no-vent fills. A higher tank wall heat flux will warm the tank wall to a higher 
temperature, thus requiring more chilldown fluid to attain the target temperature. 

The difference in fluid usage between the two heat fluxes by the receiver tanks for ail phases of the 
COLD-SAT mission is relatively significant and amounts to about forty-three pounds of additional 
hydrogen for the higher heat flux of 1.577 W/m 2 (0.5 Btu/hr-ft 2 ). In addition, the higher heat flux 
contributes to increased fluid usage for thermal control (pressure control) based on the existing COLD- 
SAT experiment subsystem and experiment timeline. This resulted in approximately another 28 kg (62 
lbm) of liquid hydrogen required for cooling. These results indicate that a 1.577 W/m 2 (0.5 Btu/hr- 
ft 2 ) tank heat flux is too high and a lower heat flux will be required for COLD-S AT. The required heat 
flux is on the order of 0.631 W/m 2 (0.2 Btu/hr-ft 2 ), high enough to eliminate concern for a VCS in the 
tank design and low enough to preclude excessive fluid usage for chilldown cooling and thermal 
control. 

The chilldown fluid consumption was based on the previous TARGET, CRYOCHIL, and MMCAP 
thermodynamic analyses from which polynomial curve fits were established to derive chilldown fluid 
requirements based on initial tank wall temperatures when cooled to the target temperature. Transient 
warming of the tanks is allowed to occur during periods between no-vent fills when the receiver tanks 
are empty. The resulting transient warm-up temperatures will constitute the initial temperature for 
chilldown when the tank wall heaters are not used on receiver tank 2. Heating of the tank wall with 
environmental heat flux follows an exponential decay law. A simple computer model was developed 
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to det ermi n e the transient heating of the receiver tanks in order to establish the initial conditions for the 
chilldown process. Figure 4.9-19 typifies the transient heating profile of the tank wall exposed to 
environmental heating, and Figure 4.9-20 shows the curve fit of the linearized exponential heating 
equation used for predicting the temperature of the tank wall at the start of chilldown [example is 
receiver tank 1 at 0.315 W/m 2 (0.1 Btu/hr-ft 2 )]. Figure 4.9-19 shows that the transient heating of the 
rank wall follows an exponential decay relationship. When the tank wall nears the external 
environment temperature, then tank wall heating slows down considerably due to reduced temperature 
differences. 

Chilldown fluid requirements for each of the COLD-SAT tests varied depending on the initial tank wall 
temperature. Figure 4.9-21 is a polynomial curve fit of the relationship between the initial tank wall 
temperature and the chilldown fluid required for charge-hold-vent spray chilldown. These curves 
(with the one for receiver tank 1 shown) were developed from the analysis results presented in Figures 

4.9- 15 and 4.9-16 to allow a simpler analysis of the chilldown fluid requirements. Most of the initial 
temperatures were established as a direct result of tank wall transient warm-up between chilldown tests 
rather than with the use of heaters (receiver tank 2). The initial temperatures of the receiver tanks, and 
thus the fluid used for chilling down, were largely different for the two heat fluxes analyzed. Table 

4.9- 4 shows the initial tank wall temperatures, the chilldown fluid used, and the fluid usage for 
th ermal control as derived by the analysis for each of the tests baselined in the ERD (Ref 4.9-6). 



Figure 4.9-19 Transient Response Profile of the Receiver Tank Wall for Environmental Heating 

Tank Wall Heat Exchanger Chilldown Process (Receiver Tank 2) - An analytical assessment of the 
tank wall heat exchanger chilldown process on receiver tank 2 has been performed. The heat 
exchanger thermal/fluid processes are characterized between the Fanno Line Flow and Rayleigh Line 
Flow analyses with liquid flashing. The Fanno Line Flow analysis assumes adiabatic flow with 
friction and the Rayleigh Line Flow analysis is frictioniess with heat transfer to the fluid. These cases 
will bound the actual tank chilldown process via the tank wall heat exchanger. 

The modeling approach taken used the MM CAP cryogenic system analysis program to conduct the 
analysis. Analysis assumptions included a constant 0.91 kg/hr (2.0 lbm/hr) heat exchanger flowrate, 
saturated liquid inlet conditions at 103.4 kPa (15 psia), exit conditions at 34.5 kPa (5 psia). This 
flowrate was more than adequate to provide cooler two-phase fluid throughout the length of the heat 
exchanger. The heat exchanger length is 4.33 m (14.2 feet) long with a 0.476 cm (3/16" O.D.). The 
heat exchanger is attached to a 46.7 kg (103 Ibm) aluminum tank wall initially at a warm temperature of 
294 K (530 R). The heat exchanger used for tank wall chilldown is the same one used for receiver 
tank 2 thermal control in the TVS system. 
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Figure 4.9-20 Transient Warm-Up of Receiver Tank with Time ( Receiver 1, Low Heat Flux) 
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Figure 4.9-21 Chilldown Fluid Consumption as a Function of Initial Tank Wall Temperature 
( Receiver T ank 1) 

Results of the analysis simulation are illustrated in Figures 4.9-22 and 4.9-23. Figure 4.9-22 shows 
the transient temperature response of the tank wall and the heat exchanger fluid at the HX exit. Note 
how the HX fluid temperature is generally less than the tank wall itself. Figure 4.9-23 shows the heat 
transfer rate to the HX from the tank wall during the chilldown process. As the tank is chilled further 
and the wall temperature decreases, fluid utilization becomes less efficient and a higher concentration 
of liquid is expelled from the heat exchanger. 
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Table 4.9-4 Comparison of COLD-SAT Fluid Usage for Two Receiver Tank Net Heat Fluxes, 0.3 15 
and 1577 W/rri 2 (0.1 and 05 Btulhr-ft 2 ) 


Fluid Used for Chilldown - Ibm 
0.1 B/hr-fTC 0.5 B/hr-ft A 2 



1.3- 11 N/A 

1 .3- 2 374.0 

1.3- 13 445.3 

1.3- 8 179.0 


1.3- 6 

1.3- 3 

1.3- 10 

1.3- 9 

1.3- 4 

1.3- 12 

1.3- 7 

1.3- 1 

1.3- 5 

1.3- 1 


N/A 

N/A 
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Figure 4.9-23 Receiver Tank. 2 Wail-Mounted HX Chilldown Heat Transfer Rates 

Table 4.9-5 shows a comparison of the time and fluid usage for each chilldown process assuming a 
complete chilldown from ambient tank wall temperature conditions. The H/X chilldown method 
substantially reduces the chilldown time over the charge- hold- vent process, yet requires a higher 
consumption of fluid since two-phase fluid exits the heat exchanger near the end of the chilldown. ' 


Table 4.9-5 Comparison of Results for Each Chilldown Process 



CHARGE-HOLD-VENT 

WALL HX 

CHILLDOWN FLUID 
CHILLDOWN TIME 

3.86 KG (8.5 LBM) 
14.4 HRS 

6.35 KG (14.0 LBM) 
7.0 HRS 


4.9.3 Tank No- Vent Fill and Refill 

’Hie no-vent fill is a complex process and has proven difficult to analyze completely. To-date only the 
thermodynamics of the test have been modeled with any degree of confidence. The heat transfer 
between the ullage and the liquid is the great unknown in this instance. This value is highly dependent 
on the liquid position, velocity and the local acceleration environment. Therefore no one as yet has 
^ t0 condensation rate of the ullage (in fact the heat transfer is usually a direct input 

of models). The fill discussion has been broken down into two separate tasks with a separate write-up 
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for no-vent fill and ullage exchange, since the two fill methods have fundamental differences in 
approach and hardware design. 

No- Vent Fill - A no-vent fill is accomplished by controlling the fluid inflow so as to preclude 
compression of the ullage, thereby achieving a greater fill level than would be possible under normal 
conditions. The no-vent fill process can be broken down into three main steps that are initial pressure 
rise, ullage condensation, and ullage compression. The second step is the most important m the 
process since the amount of ullage condensation that occurs will determine the final fill level. To 
^rympiish the required condensation rates three different nozzle designs will be utilized; the axial, 
radial, and tangential nozzle systems. By varying the flow rate through each nozzle, the ullage 
condensation rate will be varied to see how this parameter will affect the final fill level. 

The first phase of the no-vent fill is the initial pressure rise, which occurs during the first few minutes 
of a fan lr fill This process is the result of the introduction of a liquid into the tank that is at a higher 
pressure than the receiver tank (103.4 kPa [15 psia] liquid into a 6.9 kPa(l psia] tank for example). 
Due to the drop in pressure upon entering the tank, some of the liquid will flash generating vapor. The 
remaining liquid will then contact the tank wall that is initially at a target temperature greater than the 
saturation temperature of the liquid. Due to this contact the liquid will boil, thereby cooling the tank 
wa U. This process will continue until the tank wall temperature is reduced to a point close to the 
saturation point of the liquid, at which time the boiling will cease. 

The analysis of this process, is fairly straight forward and consists of performing multiple mass and 
energy balances on a tank that account for the mass of liquid and gas along with the thermodynamic 
state of each component. The energy balances also must take into account the heat transfer from the 
warmer wall, the work being done on the ullage by the flashing inlet liquid, and the change in fluid 
properties with pressure. The logic for predicting the heat transfer from the wail to the liquid is the key 
to solving this problem. Due to the fact that the wall to liquid temperature difference is greater than 
critical temperature difference for LH2 nucleate boiling over most of the cooldown process, one can 
assume that film boiling will be the predominate heat transfer mechanism. Two correlations (for pool 
film boiling on a spherical surface and for forced convective film boiling on a flat plate) can be used to 
predict the wall to liquid heat transfer. The use of these two correlations allows one to bound the 
problem since a real case will be somewhere between the two limits. 

The next phase of the fill is ullage condensation. This process is related to the third phase (ullage 
compression) since the only difference between the two is whether there is enough heat transfer out of 
the ullage to allow the gas to condense. While a no-vent fill of the tank is being performed, the ullage 
is simultaneously undergoing condensation due to heat transfer to the bulk liquid and the inflow, and 
compression due to the influx of liquid. The dividing line between the two processes is when the 
compression effects become larger than the condensation's, at this point the tank pressure will begin to 
rise again. 

The analysis of this process is much more detailed than the first case. Energy balances are performed 
on the tank with three nodes in the tank, the gas, liquid and interface nodes. Using appropriate energy 
and balances the hope is to predict the liquid and gas masses, the interface heat transfer, and 
thereby the ullage condensation rate. The interface node is the key to this since it is the only point at 
which all fluid properties are known before hand (it is assumed to always be at the saturation 
temperature). This node also is the point at which all heat transfer between the ullage and the liquid 
occurs. 

Again in this analysis the heat transfer becomes the driving force behind the fill results. If there is 
insufficient ullage condensation (i.e. insufficient heat transfer) the net work being done on the ullage 
will rewse the pressure to increase, leading to a cessation of the transfer. This compression process is 
very important since in a pressure driven flow once the pressure increases the flow rate will drop off. 
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leading to a further reduction in ullage condensation. Therefore once the heat transfer rate drops below 
a set value, this effect will accelerate and may not be easy to stop. 


The mixing configuration chosen for a particular test will directly affect the fluid motion and heat 
transiCT. The configuration believed to be the best is as start the fill using tangential nozzles to provide 
good heat transfer with the wall, resulting in a quick pressure rise. This fast fluid motion will also 
tend to force the fluid to the outside wall of the tank and the ullage to the inside. This liquid motion 
wall also begin to condense the ullage, thereby providing pressure control for the first pan of the 
transfer. After the fluid mass has reached a predetermined value (- 70% full) the flow win be 
transferred to the radial or axial spray systems. This action will be performed to ensure that the heat 
transfer out of the ullage wtil continue, since the new spray pattern wiU be directed straight into the 
ullage. This spray configuration is only assumed to work the best, thereby leading to ad the other 

nmnriCM t#ctc * ™ 


To-date no model of the heat transfer between the uUage and the liquid has been able to adequately 
predict the ullage condensation rate, thus analysis of this most important variable win have to wait until 
the tests have been conducted and the data recorded. Previously developed mixing correlations and 
possibly others wtil be evaluated to see if a general model can be developed which will allow one to 
optimize the no-vent fiU process. 


U ll age Exchange - The unage exchange technique is a method of transferring liquids in a low-<* 
environment which eliminates problems associated with vented or no-vent fiU processes. Fluid 
ttansfer with die unage exchange technique is accomplished by connecting the supply and receiver tank 
fiU and vent lines to each other so that there is a closed fluid loop connecting the two tanks. The 
supply tank has a liquid acquisition device (LAD) to deliver liquid to the tank outlet The liquid is 
transferred to the receiver tank with a liquid pimp. Pressure is retieved in the receiver tank as the tank 
is being filled by venting through the vent line. The position of the ullage is uncertain in such a 
process, so liquid or gas may be vented. All fluid vented from the receiver tank is collected in the 
supply tank. The ullage exchange process increases system heat leak due to heat transfer to the fill and 
vent lines and pump work to the liquid. It is possible that the increased heat transfer may raise tank 
pressures to unacceptable levels, therefore analysis was needed to determine if this effect would occur, 
inis concern is compounded by the randomness of liquid/gas venting from the receiver tank which 
makes the amount of time necessary to fill the receiver tank unpredictable. This concern was analyzed 

q ??n C Car ° s j muianon of ullage exchange process (between two generic spherical 
tanks) (Ref 4.9-11) using the computer model ’MMCAP'. Details of the analysis are presented 


The following assumptions were made in performing the analysis: 

1) acceleration level of 1x10-6 g's 

2) 2831 liters (100 ft3) supply tank volume, 

3) 283 liters (10 ft3) receiver tank vol um e, 

4) 15.65 kg (34.5 lbm) receiver tank mass, 

5) 0.316 W/m2 (0.1 Btu/hr-ft2) heat flux into the two tanks, 

6) 1.58 W/m2 (0.5 Btu/hr-ft2) heat flux into the transfer lines, 

7) negligible supply tank mass (i.e. all of the heat flux goes into the fluid), 

8) supply tank pressure of 137.9 kPa (20 psia), 

?L a ^ ( 1 P») Pressure rise across the pump at a flow rate of 45.36 kg/hr ( 1 00 Ibm/hr) 

10) a 50% pump efficiency, and 

11) receiver tank is initially evacuated 


To model this process an MMCAP input deck was generated with the following capabilities, 
analysis had shown that the flow resistance of the vent and transfer lines must be accounted for 


Early 

This 
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feet can be visualized by imagining a case where the system has a very small vent system. In this case 
the ullage exchange will become more like a true no-vent fill since very little mass will exit the receiver 
ran ir To account for this parameter the lines were modeled as constant flow resistances where the 
flow rate is proportional to the square root of the pressure difference. By varying the rano of transfer 
line to vent line resistances (i.e. varying the line sizes) different results could be achieved. The 
baseline case had this ratio set to a value of 1. This analysis approach was limited to single phase 
flow, the re fore only liquid or gas was assumed to be vented at one time. Finally, the flow in the lines 
is assumed to be in a quasi-steady state mode since the flow transients due to pressure fluctuations 

cannot be modeled. 

The Monte Carlo simulation was performed by randomly venting liquid or gas from the receiver tank. 
The randomness was implemented with three methods. The first method assumed that venting was 
random over the duration of the fill process so that there was an equal probability of venting liquid or 
gas at all fill levels. This approach is referred to as "Random Exchange". The second approach 
assumed that the probability of venting liquid increased as the tank became more fulL This approach 
biased the venting so that no liquid was vented when the tank was empty and no gas was rated when 
the tank was full. There was an equal probability of venting liquid or gas when the tank was 50% full. 
This approach is referred to as "Biased Random Exchange" and was the one used in most of the 
because it was felt that this approach most accurately represents what would happen in an 
actual ullage exchange. A third simulation was performed to represent a best case ullage exchange. 
This approach gssnrnftH that the liquid in the receiver tank remained settled during the fill process so 
that only gas was vented. This approach is referred to as "Settled Ullage Exchange". All three 
probabilities are illustrated in Figure 4.9-24, which shows the probability of venting liquid for each 
approach as a function of liquid fill level. 



Figure 4.9-24 Venting Probability 

During the analysis many cases were run to determine the effect that parameters such as receiver tank 
ini tial te m pe r ature and supply tank fill level would have on the results. The entire set of cases run are 
described fully in the reference, thus only the highlights will be discussed here. Several runs were 
performed to assess the effect that the probability of liquid or gas venting has on the results. Figure 
4.9-25 presents the results of this set of analysis. Multiple runs were made for the Random cases and 
one for the Settled Exchange. This allowed the full effect of the randomness to be seen. The receiver 
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tank filled in 0.44 hours in the Settled Exchange case. This benchmark was then used as a best fill 
case to compare other runs against. Next, 5 Random Exchange cases were run. In each case the tank 
filled at a nearly constant rate that did vary from run to run. Finally, three Biased Exchange fills were 
modeled. In each case the tank initially filled at a rate equal to the Settled Exchange, that then began to 
decrease as the tank became fi lled. After the tank had filled to appro ximatel y a 90% level the net rate 
had fallen to such a low amount that the process was assumed to be done. The results of this analysis 
has shown that the transfer line flow resistances must be accounted for in the analysis. The cases run 
here show a higher rate of fill than those that assumed the lines had no pressure drop. This result is 
obvious if the fact that it is easier to flow liquid through the vent line than gas is accounted for. Thus 
when liquid does enter the vent line less of it can flow, leading to a net gain of fluid in the tank. 

The other parameter that drives the results is the receiver tank initial temperature. If the receiver tank is 
too warm at the start of the fill, the rapid boiloff of liquid will result in a pressure spike that if too large 
would lead to supply tank venting. To assess this effect a series of runs were performed with different 
receiver tank initial temperatures. Supply tank pressures for the cases are presented in Figure 4.9-26. 
The first two cases had temperatures of 27.8 and 55.6 K (50 and 100 R) respectively, and the runs 
predicted that the pressure would actually decay before beginning to rise again. The last case had a 
temperature of 1 1 1 K (200 R). In this run the pressure in the tank rose to a value more than double the 
initial one. Extreme surging was also seen in the transfer lines with the pump actually deadheading at 
times due to excessive receiver tank pressure. 



Time (hours) 

Figure 4.9-25 Ullage Exchange Fill Levels for Different Fill Scenarios 
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Figure 4.9-26 Effect of Receiver Tank Initial Temperature on Supply Tank Pressure 

This analysis shows that the ullage exchange process can fill a receiver tank without overpressurizing 
the system. The results show, however, that a significant pressure increase can occur if the receiver 
tank is warm and it would be possible to overpressurize the system if the receiver tank was not pre- 
chilled. The method of modeling the venting randomness affected the filling profile of the receiver 
tank but did not significantly affect the pressure or temperature response of the system. This approach 
addressed the concerns of pressure and temperature rise during the filling process with minimum 
modification of the analysis tools. 

4.9.4 Tank Pressurization - A pressurization subsystem is required in order to evaluate the 
pressurization process whereby pressurant shall be supplied to the COLD-SAT tanks to provide the 
driving force necessary for liquid expulsion from the tank for liquid transfer. The pressurization 
design requirements were established from specific customer directions and detailed thermodynamic 
analyses of the pressurization process in the COLD-SAT tanks. 

The customer issued direction to evaluate the pressurant requirements for the COLD-SAT experiment 
subsystem pressurization experiment The direction was very specific and called for pressurizing the 
ranks at different overpressure levels and specifically allocating the use of hydrogen and helium 
pressurant The direction implied that all supply tank transfers are to use GH2 at two different 
overpressure levels such that 75% are performed at a 13.8 kPa (2 psid) overpressure for pumped 
transfers and the re main ing 25% at 68.9 kPa (10 psid) for pressurized transfer. In addition, the 
customer directed that all back-transfers from the receiver tanks to the supply tank be accomplished by 
a 68.9 kPa (10 psid) overpressure for pressurized transfer. An equal number of receiver tank back- 
transfers are to use GH2 and GHe pressurant (50% each). 

Analyses were conducted with the MMCAP program in conjunction with the customer direction in 
order to determine the pressurant quandties required to support the COLD-SAT experiment set. The 
pressurant quantifies for experiments created a demand for numerous pressurant bottles for storage of 
the req uir ed pressurant as a design requirement for the experiment subsystem. The pressurant 
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quantities, the bottle size and number of tanks are listed in Table 4.9-6 and comprise the derived design 
requirements. Details of the pressurant bottle design are included later on in this report. 


Table 4.9-6 Derived Design Requirements for the Pressurization Subsystem 


PRESSURANT 

# TANKS 

TANK VOLUME 

PRESSURANT 



(EA) 

MASS 

GH2 

7 

0.076 M A 3 (2.7 FT A 3) 

7.94 KG (17.5 LBM) 

GHE 

2 

0.076 M A 3 (2.7 FT A 3) 

4.67 KG (10.3 LBM) 


The experiment pressurization analyses were prompted as a result of reducing the experiment size and 
by the customer direction to pressurize at different pressure levels for pumped and blowdown transfer 
methods. MMCAP models were developed for each of the tanks and simulations were run for each of 
the cases outlined by the Technical Direction (derived requirements). The quantity of GH2 and GHe 
was calculated based on each of the analysis runs and the number of tests performed in the experiment 
set From these quantities, the number of pressurant storage bottles required for the pressurization 
system design was determined from a bottle design established through consultation with SCI given 
their existing experience, production tooling, etc. The design established from the analysis through 
Structural Composite Industries (SCI) required seven GH2 and two GHe pressurant bottles, each with 
a volume of 0.076 m 3 (2.7 ft 3 ). 

The analysis assumed that the pressurant was supplied at a 278 K (500 R) warm gas condition. In 
addition, assumed interface heat transfer conditions based on the experience and recommendations 
from the ORS studies were fed into the analysis. A minimum Nusselt number of 32 for quiescent 
periods and a value of 250 during actual pressurization or outflow processes was assumed based on 
the ORS recommendations. 

Table 4.9-7 of the analysis results shown below outlines all of the possible tank pressurization and 
outflow scenarios that will be encountered during COLD-SAT pressurization experiments. The 
pressurant fluid quantities for each case and the number of complete transfers for each scenario are 
presented. The difference in the total derived quantities presented on the previous chan and the 
compiled totals on this chan are for short LAD outflow tests following filling of the LAD. These 
quantities are about 0.27 kg (0.6 lbm) for GH2 and 0.045 kg (0.1 lbm) for GHe pressurant. 

4.9.5 Law-g. Settled Outflow. Vented Fill, a nd Ullage Venting 

This test series is concerned with the behavior of the fluid while in a controlled low-g environment. 
Control of the acceleration environment will be provided by the spacecraft propulsion system. The 
three separate tests that will be evaluated are an outflow without the use of an LAD, a vented fill, and a 
direct ullage vent to provide pressure control without the use of a TVS system. The separate tasks 
involved with performing the test series will be discussed in the following sections. 

Settling - This process is critical to the success of all of the separate experiments in the test series. If 
the liquid cannot be maintained over the outlet or away from the vent, whichever is required, the test 
will not achieve the desired results. To achieve settling the thrusters are fired at a predetermined level 
and duration. The liquid interface shape and fluid position will be determined by use of the point level 
sensors in the receiver tanks. 
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Table 4.9-7 Pressurization System Analysis Results 


TANK 

DELTA P 

•fcPa 

(Paid) 

VOLUME 

-m A 3 

(ft A 3) 

PRESS. 

TYPE 

PRESS. 
PER X-FER 
•kg (Ibm) 

NUMBER 
OF COMPLETE 
TRANSFERS* 

SUPPLY 

68.9 

(10) 

1.13 

(40) 

GH2 

0.50 

(1.10) 

1 


68.9 

(10) 

0.57 

(20) 

GH2 

0.31 

(0.68) 

4 


13£ 

(2) 

1.13 

(40) 

GH2 

0^2 

(0.49) 

8 


13J3 

(2) 

0.57 

(20) 

GH2 

0.12 

(0.26) 

8 

RECEIVER 1 

68.9 

(10) 

1.13 

(40) 

GH2 

0.28 

(0.61) 

6 


68.9 

(10) 

1.13 

(40) 

GHE 

0.73 

(1.62) 

2 

RECEIVER 2 

68.9 

(10) 

0.57 

(20) 

GH2 

0.15 

(0.34) 

7 


68.9 

(10) 

0.57 

(20) 

GHE 

0.41 

(0.90) 

7 

* TOTAL OF 7.21 
(SEE ERO OATAE 

KG (15.9 LBM) FOR GH2 AND 
IASE FOR ALL PRESSURIZA' 

4.33 KG (9.54 LBM) FOR He 
riON 


TESTS) 


The settling time and resultant fluid interface shape are parameters that can be complex and difficult to 
calculate. Many forces affect these values, but the interface shape is primarily determined by the tank 
Bond number. The Bond number criterion for stability of the interface is: 


Boer - p g R 2 / cr = 0.84 
where : Boer = Critical Bond Number 

p = Liquid density (kg/m 2 ) 
g = Acceleration (kg-m/sec 2 ) 
R = Tank radius (m) 
and a = Surface Tension (N/m) 


When the acceleration level results in a Bond number greater than the critical level the liquid will settle 
in the direction of the acceleration vector. For the receiver tanks, this level will be surpassed with any 
acceleration above lO 5 g's. When the Bond number is less than 50, the surface tension forces tend to 
impede the flow at a rate p ropo r tional to the Bond number. When the Bond number is greater than this 
level, the interface level rate of rise is dependent on many factors including liquid kinetic energy, the 
flow's Reynolds and Weber numbers and the Froude number. The regime of flow will not be 
encountered since the maximum Bond level that will be obtained in the receiver tanks will be -12. The 
settling time will be determined from the level sensors in the receiver tanks. A prediction of the settling 
time could be made apriori if a FLOW-3D model were to be developed of the receiver tanks. This step 
has not been done as of yet, but could be performed in the future. 

Outflow - The liquid outflow through the inlet/outiet baffle will commence immediately following the 
settling. This process consists of simply draining the tank and studying the effect that varying the 
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acceleration level has on the amount of residuals left in the tank. The test will be terminated when 
vapor is detected in the transfer line. This will be accomplished by use of the flow meters capable of 
detecting 2-phase flow. 

As the liquid flows out of the tank, there is a tendency for the liquid level to distort due to the outflow. 
The result is ingestion of vapor in the outlet before the entire tank contents have been depleted. 
Through extensive testing in both one-g and in low-g drop tower tests, it has been determined that the 
surface distortion is c haract erized by the ratio of gas ingestion height to a characteristic dimension such 
as the tank diameter. The gas ingestion height is the distance the liquid interface is above the tank 
outlet when gas first reaches the outlet. This dimensionless parameter is dependent on the Froude 
number, the surface tension, and viscous effects. When the Bond number is greater than 25 and the 
Reynolds number is larger than 100, the surface tension and viscous effects disappear. A correlation 
for this parameter has been presented in the literature (Ref. 4.9-12). 
h/D * 0.43 Tanh ( 1.3 Fr- 29 ) 
where : h = Gas ingestion height (m) 

D = Tank diameter (m) 

Fr = Froude Number = v 2 / a d 
v = Outlet velocity (m/sec) 
d a Outlet diameter (m) 
and a = Acceleration (m/sec 2 ) 

When the Froude number becomes greater than 10 the dimensionless number reaches a constant value 
of 0.43. Other correlations have been developed for this relationship, but they are of a similar form. 

Y g a ted Fil l - The vented fill will commence as soon as the tank wall temperature cools down to a point 
at which liquid will accumulate in the tank. This process is controlled with the motion of the liquid in 
the tank and the acceleration environment of the spacecraft. The experiment will be terminated when 
liquid is detected in the vent line. 

The vented fill is a flow pattern where the fluid motion is determined by two dimensionless 
parameters, the Bond and Weber numbers. The Bond number analysis has previously been discussed 
and the Weber number is as follows: 

We = p v 2 L / o 

where : We = Weber Number 

p = Liquid density (kg/m 3 ) 

v = Inlet liquid velocity (m/sec) 

L = Characteristic length, usually the tank diameter (m) 
and o = Surface Tension (N/m) 

The key to ensuring liquid free venting is to keep the liquid interface stable during the fill process. If 
the incoming flow of fluid has too much momentum it will break through the liquid interface and likely 
be vented overboard. By avoiding this phenomena the liquid level in the tank can be made to rise in a 
controllable manner, preventing unnecessary venting of liquid. Drop tower tests have been conducted 
to determine the flow rate at which the interface will become unstable (references 4.9- 13 through 4.9- 
15). This value is strongly dependent on tank geometry (i.e. baffled tank or not). The results of these 
studies are su mm arized in Figure 4.9-27 which presents the critical flow rate at which the interface 
became unstable, for different tank configurations. The impact this effect has on the design is instantly 
obvious. If the tank has a bare inlet the flow rate would be limited to -3 kg/hr (6.6 lbm/hr), whereas 
with a baffled inlet up to 36 kg/hr (79.4 lbm/hr) could be transferred into the ta nk 
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Figure 4.9-27 Critical Weber Number for Stable LH2 Interface 

The -anal ysis of the fluid motion during the fill is a complex and difficult task. Again as in settling, 
man y factors control this flow. The model FLOW-3D could be used in this instance to predict the 
liquid position and velocities during this process. A detailed set of FLOW- 3D models were generated 
to analyze this process (Ref. 4.9-16). This work was not specifically directed at the COLD-SAT 
rii-s i gn, but the results did show that the above curve can be easily scaled. There are limitations on this 
code though, so any heat transfer dominated effects will not be able to be predicted. 

I nw-Ti Venting - This process will be used to reduce the pressure of all three tanks without the use of 
a TVS system. This task will follow a settling bum of the thruster to orient the fluid away from the 
vent. Once the fluid has settled the vent valve will be opened to reduce the tank pressure. The initial 
part of the vent will be calm if the tank ullage is initially superheated. During this phase of the vent the 
liquid interface should rise in a predictable manner to take up the area of the tank from which the vapor 
has been vented. This venting case can be modeled by FLOW-3D since the interface will only be 
responding to kinematic forces, not thermodynamic. 

For a rank that is initially at saturated conditions or once the tank pressure is reduced to a point lower 
rhan the saturation pressure of the liquid, bulk boiling will occur. Once this event begins, the position 
of the liquid interface will be an unknown parameter. Two possible scenarios can occur. If the boiling 
is very violent, the liquid will seem to explode resulting in many fine droplets of liquid that will then 
vent out with the gas. Another possible case is that the boiling will be less violent and the bubbles that 
form in the liquid will cause the liquid interface to rise, but it would remain intact. In this case the idea 
is to limi t the vent rate to below a level at which the interface would rise to the vent, resulting in liquid 
venting. 

The ven tin g case can be analyzed to predict a maximum allowable vent rate for each tank fill level (Ref. 
4.9-17). Studies have shown that the shape of bubbles rising in LH2 will resemble that of a 
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cylindrical cap. For this shape bubble, the velocity through the fluid is determined by the following 
correlation. 


U = 0.711 (ad« Ap/p ) 1/2 


where : 


and 


U = Bubble rise velocity (m/sec) 

a = Acceleration (m/sec2) 

Ap = Difference between liquid and vapor densities (kg/m3) 
d« = Diameter of volumetrically equivalent bubble (m) 
p » Liquid density (kg/m3) 


For other shape bubbles the equations are the same, with only the constant being changed. Now, if 
the assumptions that the bubbles are uniformly distributed throughout the fluid and that they are of a 
uniform shape and volume are made the prediction of the maximum vent rate can be made. The first 
step is to predict the height to which the interface will raise at any given vent rate. This relation is as 
follows. 


hi, max * 
where : 


and 


(V B N+ Vunit) / A 
hi, max ~ Maximum liquid height (m) 

Vg * Average bubble volume (m3) 
N = Number of bubbles in liquid 
Vijnit = Initial liquid volume (m3) 

A = Tank cross-sectional area (m2) 


By requiring that this maximum liquid height be the tank length (i.e. to ensure liquid free venting), one 
can determine the bubble volume and the number of bubbles (actually both values cannot be known, 
but the combined V N factor can be). Once these values are known, the maximum vent rate may be 
predicted from: 

Qmax = Vg N U / h], max 

where : Qmax = Maximum volumetric vent rate (m3/sec) 


With this model the maximum vent rate can be predicted for each case. Trade studies can be made to 
parametrically set the vent rate for assumed bubble diameters. This analysis method is only one way to 
model this process and has many limiting assumptions. Therefore it will only be used in an attempt to 
correlate some of the test data, not as a design tool. 


4.9.6 LAD Performance 


This test series is concerned with characterizing the performance of the supply and receiver tank 1 
LAD’s . This entails checking the liquid for the presence of vapor during an outflow. The expulsion 
efficiency of the two LAD's will also be determined during the COLD-SAT mission. The supply tank 
LAD will only provide one data point since the fluid will only be completely expelled once during the 
mission. The LAD in receiver tank 1 will be the primary test article for this set of experiments. The 
expulsion efficiency will be checked many times under varying acceleration levels. 

Since the LAD of receiver tank 1 will be the primary test article for this set of experiments, the design 
effort has been focused on this item. The functional requirement of the liquid acquisition device (LAD) 
in receiver tank 1 is to provide the capability for liquid outflow in a micro-gravity environment. The 
customer directed that the LAD should be configured so that the device can be stressed by varying 
operating conditions. The design constraints were a maximum acceleration of 1.4x10-* g's and a flow 
rate of 136 kg/hr (300 lbm/hr). The LAD analysis showed that the LAD would not meet the basic 
functional requirement while still being capable of being stressed by operational modifications. The 
low acceleration levels available on COLD-SAT could not stress the screen unless the screen were 
quite coarse. There is a concern that such a screen would not properly wet, thereby not meeting the 
functional requirement of providing low-g outflow capability. The commonly used four-channel 
approach would prevent meaningful evaluation of test results without some way of determining the 


4-91 



flow distribution in the channels. Thus, the current LAD design in receiver tank 1 does not meet the 
customer desire to stress the LAD. It is recommended that a LAD stress test be performed on a 
dedicated, single channel device to preclude jeopardizing the capability to outflow in a micro-gravity 
environment A single channel is recommended so that there is no uncertainty in the flow distribution. 

The bubble points for several different screens were calculated for LH2- The bubble points were 
compared with the maximum static head available on COLD-SAT and this relationship is shown in 
Figure 4.9-28. It was found that the static head was orders of magnitude smaller than the minimum 
bubble point. Thus, an LAD made from any of these screens would not be stressed by the available 
acceleration environments on COLD-SAT. 



Figure 49-28 Comparison of Screen Bubble Point and Static Head Produced by Acceleration 

The frictional pressure loss in the LAD was calculated for an LAD designed to breakdown due to 
diction, regardless of flow distribution. The Figure below (4.9-29) shows that the flow rate causing 
screen breakdown is a strong function of flow distribution in the LAD. A flow rate of 27 kg/hr (60 
Ibm/hr) would cause breakdown if only 1 channel is flowing whereas 109 kg/hr (240 Ibm/hr) is 
required if all 4 channels are flowing. The LAD in receiver tank 1 has 4 channels with no way of 
preferentially routing the flow through the channels. Analysis of the test results would be difficult 
without some knowledge of the flow distribution in the device. 

4.9.7 Transfer Line Chilldown 

The transfer line will require periodic chilling to allow for the vapor free transfer of liquid between the 
supply and receiver tanks. The transfer line chilldown will be accomplished by opening the supply 
tank outlet valve and allowing cryogen to flow into the line. In all cases the supply tank will provide 
the hydrogen to chill the line, even if the transfer will be from the receiver tank to the supply tank. 
This choice was made for design reasons, since to use the receiver tank fluid to chill the line would 
require an extra valve and bypass line. 
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Figure 4.9-29 Pressure Drop in the Channels Under Varying Conditions 


The line chilldown was analyzed to predict a hydrogen consumption value to use in the mission 
database. The chilldown has been considered an operational step only, therefore extensive 
instrumentation and analysis requirements for this test series have been deleted. Due to this fact the 
analysis w as v ery crude, and also very conservative. In a cryogenic transfer line chilldown there are 
extreme thermal and hydrodynamic transients that occur. The flow tends to surge as the liquid front 
proceeds down the transfer line. This surging results in large spikes in the pressure (surges as large a 
40 atmospheres have been seen in testing), and subsequent flow reversal in the line (Ref. 4.9-18) To 
preclude these surges two methods are employed. The first is to ensure that the fluid at the inlet is in a 
saturated state. This will not be easy for COLD-SAT to accomplish since the tank must be pressurized 
to ensure vapor free outflow from the LAD. The second measure is to throttle the flow at the valve so 
that the chilldown fluid is mostly gas. This method eliminates most of the pressure fluctuations and 
also reduces the amount of cryogen required for the chilldown. The amount of fluid needed to chill the 
line reduces since this method allows the wall to absorb much more of the sensible heat in the fluid. 

The analysis of the process did not account for any sensible heating of the fluid. This assumption can 
lead to the amount of cryogen predicted to be an order of magnitude larger than that act uall y required. 
The analysis procedure consisted of predicting the amount of heat required to chill a line down to a 
given temperature via the equation : 

Q = m Cp AT 

where Q = Heat removal amount (kJ) 

m = Transfer line mass (kg) 

Cp = Specific heat (kJ/kg-K) 
and AT = The change in temperature (K) 

For this analysis the transfer line was assumed to be 1.9 cm (3/4 inch) line with 20 gauge wall, and the 
length was assumed to be 15.25 m (50 feet). These values resulted in a line mass of 2.13 kg (4.37 
lbm). The specific heat value for Aluminum is roughly 0.419 kJ/kg-K (0.1 Btu/lbm-R). From all of 
this the amount of heat required to chill the line from ambient to liquid hydrogen temperature has been 
calculated to be 128.7 kJ ( 122 Btu). To predict the amount of hydrogen required to remove this much 
heat, this value was simply set against the amount of hydrogen that will boil under this much of a heat 
load. The resultant consumption value for each chilldown has been determined to be 0.45 kg (1.0 
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lbm) To predict the chiUdown consumption in this manner is extremely crude, but it also is very 
conservative. Another point of conservatism in the analysis is that the line will always be chilled from 
an ambient temperature. In all chilldowns, except the first one, the line will still be cold when the 
chilldown is initiated. Therefore even less hydrogen will be used to cool the line down in these cases 
than the first 

4.9.8 Liquid Subco oling During Outflow 

The functional requirement of the compact heat exchanger (CHX) system is to provide active pressure 
control for the supply t^nk and. thermal subcooling to outflow fluid. The customer directed that the 
CHX should provide sufficient heat removal capacity for a heat flux of 1.9 W/m2 (0.6 BTU/ft2-hr), 
which is 6 times the nominal tank heating rate and is equivalent to 24.6 W (84 BTU/hr). It was 
assumed that the CHX should provide 34.5 kPa (5 psi) of subcooling to the outflow at 45.4 kg/hr 
(100 lbm/hr), which is equivalent to 158 W (540 BTU/hr) of heat removal. 

The following assumptions were made in performing the analysis: 

45.4 kg/hr (100 lbm/hr) liquid outflow rate 

1.28 K (2.3 R) temperature reduction of outflow liquid 

minimum warm side inlet temperature = 20.3 K (36.6 R, corresponding to 15 psi saturated) 
marimiim cold side temperature = 17.1 K (30.8 R, corresponding to 5 psi saturated) 
no fins 

constant 2-phase heat transfer coefficient = 2000 W/m2-K (352 BTU/ft^-hr-R) (Ref 4.9-19) 

variable single phase heat transfer coefficient, Dittus-Boelter equation 

concentric tubes with liquid in outer tube 

outside surface is insulated 

double length for conservatism. 

Figure 4.9-30 illustrates the CHX configuration. The constant temperature cold-side made it possible 
to develop a closed form expression for the heat exchanger length based on the desired heat removal 
capacity of 158 W. This expression was evaluated for several different tube diameters, and the results 
are presented in Figure 4.9-31. From this figure the design point for the heat exchanger was chosen to 
be an outer tube diameter of 2.5 cm (1 inch), an inner tube diameter of 1.6 cm (5/8 inch), and a heat 
exchanger length of 3 meters (10 feet). 



dQ - U dA (Tc - Th) [Hast Transfer Between Fluids) 

dQ - Ml Cp dTh [Liquid Energy Balance) 

L - 2 In (01 / 02) Cp / (Jt D U) [Solve For Length. Including SF - 2) 

Figure 4.9-30 CHX Configuration and Design Considerations 
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Inner Tube Diameter (cm) 
Figure 4.9-31 CHX Analysis Results 


The database has been developed to allow for the tracking of all of the COLD-SAT experiment 

tes \ scrics mto a logical manner. A sample print out of the database is 
ma S!a f ^ the complete database can be found in the final review package provided to 

k j The databasc , uscd to traclc *e test number, sequence number, liquid hvdroeen, 
hydrogen, gaseous helium, and propellant consumption, as well as determine the spacecraft 
• ? CS m SeneraUy self explanatory, with a few exceptions. The column labeled pump 
IO trac ^ 1 which pump is operating. A 1 refers to the operation of 1 mixer pump, a 2 
means both mixen are being used, and a 3 refers to the transfer pump. The three columns to the right 

rh* consu ™ e ^ hythe heaters, the thrusters, and the pumps respectively. Also, 

the column labeled D/C (duty cycle) has been included to allow for the pulsing of the thrusters.' 

On a separate pagethe database can be used to track the amount of LH2 in each of the three tanks 

o ag r C al !£. tr ? cks J 1 * 11 ™ 1 test timeline by accounting for simultaneous tests and 

i 4 ' 9 " 9 ' 111 acl 1 din ? n ’ the last column is a cross reference between the experiment 
database and the valve position database. ^ 

n %iT nmy 0f the esti 5? ,e f^" ired L* 12 ““8* fOT He various processes 
assessed in the COLD-SAT experiment set. The 100% nominal TVS flow is the flow required to 

» surface heat flux of 0.3 1 6 W/m2 (0. 1 BtWft2.hr). The surface heat flux refen to the flux on 

VeSSe and J 0t * e n , ux .°" *e vcs - The supply tank and receiver tank 1 baseline heat 
aks and consumptions do not take into account the heat flux reduction that will occur while the TVS 
Jf The , hl S hcr TVS consumptions provide greater heat removal capability which mav be 

or maintam the pressure at a higher heat flux. The CHX consumptions 
P on ±e saturanon pressure from 103 to 69 kPa (15 to 10 psia). The transfer 

to 21 b o e f °I \ U kg / 4 lbm) Aluminum transfer line being chided from 167 K 

to zi.i K (ioo R to 38 R). Only the heat of vaponzation was used to provide cooling, therefore this 

2SSS5ct 5 SrocSn I ChlUdOWn qUantiriCS WCre “* d ^ * c computer 

cooes 1 AKOET and CRYOCHILL. The range given represents two different chilldown approaches: 


4-95 





full chilldown and partial chilldown. A full chilldown begins at 295 K (530 R and proceeds to the 
tareet tempera tur e Partial chilldowns begin at whatever temperature the tank is at the start of the test 
(i.e. the tank wall heaters will not be used). The LAD residuals are the volume occupied by the 
LAD's. The residual of receiver tank 2 is estimated to be 5% of the tank volume. 

Table 4.9-8 Sample COLD-SAT Mission Database - Page l 



Table 4.9-9 Sample COLD -SAT Mission Database - Page 2 



The database output can be presented graphically to provide a better understanding of the trends during 
the mission. Figure 4.9-32 presents the amount of LH 2 allocated for each experiment category. 
Approximately 75% of the total fluid is budgeted to class 1 experiments with the single largest 
allocation being given to the pressure control experiments. The large allocation for ER D 2.5 is due to 
the fact that this experiment set represents free venting and vented Alls, both of which will use large 
amounts of LH2. 
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Table 4.9-10 COLD-SAT Mission Database Fluid Usage Assumptions 


LH2 USAGE DATA 
Supply Tank 

CHX 


% QF NOMIN AL TVS FLOW 

100% 0.041 kg/hr (0.09 Ibm/hr) 

200% 0.078 kg/hr (0. 1 7 Ibm/hr) 

0.73 to 1 .45 kg/hr (1 .6 to 3.2 Ibm/hr) 


Receiver Tank 1 


1 00% 0.078 kg/hr (0. 1 7 Ibm/hr) 

200% 0.1 5 kg/hr (0.34 Ibm/hr) 


Receiver Tank 2 


100% 

175% 


Transfer Line Chilldown 

Quantity Used Each Time 
Transfer Line Residuals 

Receiver Tank Chilldown 
Quantity Used Tank 1 
Quantity Used Tank 2 

Lad/Tank Residuals 

Quantity Used Supply Tank 
Quantity Used Receiver Tank 1 
Quantity Used Receiver Tank 2 


0.045 kg/hr (0.10 Ibm/hr) 
0.078 kg/hr (0.17 Ibm/hr) 


4.54 kg (1.0 Ibm) 
0.45 kg (0.1 Ibm) 


0.91 to 8.2 kg (2.0 to 18.0 Ibm) 
0.91 to 3.6 kg (2.0 to 8.0 Ibm) 


1.27 kg (2.8 Ibm) 
0.50 kg (1.1 Ibm) 
1 .81 kg (4.0 Ibm) 


| 

2 


120.00 


100.00 


30430 


90.00 


404)0 


20.00 


0.00 
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Figure 4.9-J2 LH2 Allocation by ERD Number 
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In comparison, the database can also present the amount of liquid hydrogen available during the 
mission. This is presented in Figure 4.9-33. The database can track many different consumables, 
including the liquid hydrogen, the pressurant (both hydrogen and helium), and the propellant. 



Figure 4.9-33 Total LH2 Remaining During COLD-S AT Mission 

The database can also track the amount of hydrogen in each of the three tanks. This capability allows 
one to evaluate certain transfers to ensure that the supply tank does not have to be completely emptied 
to fill the receiver tanic. By using this approach, we were able to ascertain that the receiver tank 1 fills 
had to be moved to a point earlier in the mission, since there was simply not enough hydrogen in the 
supply tank to fill the receiver tank fully. Figure 4.9-34 presents the the amount of hydrogen in the 
supply tank throughout the mission. 



Tim*<Oay«* 

Figure 4.9-34 Amount of LH2 in the COLD -SAT Supply Tank Throughout the Mission 
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One last capability of the database is to be able to track the true timeline of the mis sion. Many of the 
experiments occur simultaneously (liquid outflow and a no-vent fill for example). From this data a 
timeline for the mission can be generated and printed graphically. A sample timeline is presented in 
Figure 4.9-35. Each test is presented on the y-axis, in the order of testing sequence. The horizontal 
bar shows the test duration in days. 


1 . 1 , 1 

i.i, i 

1.1, i 

1.1. « 

i.i. a 
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Figure 4.9-35 Sample COLD-SAT Mission Timeline 
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4.10 


Control and data handling of the experiment and its subelements will be by the Remote Interface Units 
(RIUs) that exist within the experiment subsystem. The RIUs receive commands from the Telemetry, 
Tracking, & Command (TT&C) subsystem via the multiplex data bus. Commands are stored in the 
On-Board Computer (OBC) memory where the CU controls the relaying of commands to the 
experiment subsystem or any other subsystem via the data bus. Any changes/updates to the software 
sequencer will be uplinked to the OBC via TDRSS from the SOCC. The RIUs also control the 
acquisition of experiment data and provide the data to the TT&C via the data bus. The CU collects the 
data and provides the data to the OBC for processing, downlinking, and/or to be used by the software 
sequencer for experiment control. The EUs (Extender Units) extend the capability of the RIUs to 
acquire data. Figure 4.10-1 shows the Experiment Subsystem functional control and monitoring 
approach . 




WALL WALL 

taw i««r 


Figure 4.10-1 Experiment Subsystem Control Functional Approach 
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As shoivn in Figure 4.10-1 the experiment subsystem will utilize RIUs to process commands from the 
TT&C subsystem for the control of the experiment valves. The Experiment Valve Electronics (EVEs) 
will provide the control and data interface between the RIUs and the valves. Data acquisition will be 
via RIUs and EUs. Experiment sensors will be assigned to different RIUs or EUs to maintain fault 
tolerance. 


The Experiment Valve Electronics (EVE) module is based on the Multi-mission Modular Spacecraft 
(MMS) Propulsion Module Electronics (PME) design. The EVEs interface with the system through a 
standard Remote Interface Unit (RIU). Four EVEs are used for status and control of all valves in the 
experiment except the ordnance valves which are handled by the Power Control & Distribution Module 
(PC&DM) in the Electrical Power Subsystem (EPS). 


To create an EVE, all analog signal conditioners were removed from the PME design. The mother 
board and the circuits in the box were modified. The quantity of valve drivers and bilevel signal 
conditioner boards was tripled to handle 24 valves per EVE. The only change to the valve dnver 
circuit was the output pulse duration. Figure 4.10-2 shows the EVE functional configuration. 
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Figure 4 JO-2 Experiment Valve Electronics (EVE) Functional Configuration 

Control algorithms have been defined as shown in Figure 4.10-3 to perform automatic control of 
critical events many of which are safety related. Most pressure relief valves are complemented with 
vennng pressure using system valving before manual relief valve and/or burst disc settings are 
exceeded. Approximately half of the defined control networks are associated with safety, whfle the 
rest perform various component limit cycling. Figure 4.1-3 shows the control networks on the 
experiment subsystem schematic. Each shows what sensors or functions that are being monitored 
along with the components that are effected by the operation of the control network. As other 
requirements are defined, the use of these algorithms will be expanded. For the most part, these 
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functions will reside in software and will be continuously active to perform required actions should 
they be required. 

The Martin Marietta approach to measuring temperatures in the COLD-SAT experiment involves the 
use of the Remote Interface Unit (RIU) and Extender Unit (EU) from the existing Multi-mission 
Modular Spacecraft (MMS) family. At issue is that the single 8 bit data word generated by the 
RIU/EU for eac h passive resistive temperature sensor cannot provide the desired accuracy for some 
temperature ranges. The amount of redesign required to convert the present system to 12 bits is 
considered to be too extensive. The following discussion presents our recommendation to use this 
equipment to get the accuracy desired with minimal impact and redesign while still using the existing 8 
bit MMS bus without modification. 

A list of potential problems associated with our existing baseline electronics is: 

- the 3 lead arrangement must be converted to a 4-lead configuration, 

- the ± 0.5 % current source error implies an identical voltage error, ± 0.5% .which will add to 

other voltage e rror sources unless it can be compensated, 

- the scannin g rate limit (- 50 sensor / sec) for accurate measurement means that the RIU 

multiplexing pulse time must be increased from 55 jaS to 20 ms ( Ref 4.10-1). 

Figure 4.10-4 shows the RIU/EU as it was originally intended to be used with passive resistive 
t em perature sensors. A command received on the Multiplex Data Bus causes the Current Source to 
produce a 1 mA ± 0.5 % current pulse. This 54.7 ns pulse is directed by the Current Demultiplexer to 
one of 16 connector pins that act both as current outputs and voltage sense inputs. The current passes 
through one temperature sensor and then returns to the Current Source by a path common to all 16 
sensors. The current flowing through the sensor resistance causes a voltage difference to appear 
across the sensor. The positive side voltage, plus voltage appearing on the current/sense wire, is 
routed by the Telemetry Data Multiplexer to the Analog to Digital Converter (ADC) in the Telemetry 
Controller. The minus side reference voltage returns by a path that is twisted with the positive voltage 
and Seven inactive sensor returns join the active one before being routed by the Telemetry 

Reference Multiplexer to the ADC. The ADC converts the voltage difference to an eight bit binary 
word which is sent back on the Multiplex Data Bus. 

The advantages of using this scheme are: 

1 . No development costs required. 

2. Less wires penetrating the tanks. 

The disadvantages are: 

1 . Current Source inaccuracy ±0.5%. 

2. Current pulse is a very short 54.7 |is. Sensor manufacturers recommend 20 ms. 

3. Because one of the sense wires also carries the current pulse, the situation is not ideal 
for the use of high thermal resistance manganin wire, due to its large electrical 
resistance. 

4. Inaccurate temperature measurements. 

Range Accuracy at Range Extremes 

16- 31° K (28 - 55° R) ±6.94-1.28° K (12.5 - 2.3° R) 

17- 50° K (30 - 90° R) ±5.44-0.78° K (9.8 - 1.4° R) 

17-139° K (30 -250° R) ±5.44-1.16° K (9.8- 2.1° R) 

17-300° K (30 - 540° R) ± 9.5-2.5 0 K (17.1 - 4.5° R) 

222-333° K (400 - 600° R) ±2.28-2.83° K (4.1 - 5.1° R) 

5 . Only 16 of the 64 RIU inputs (32 of 128 EU inputs) are set up for passive sensors. 
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Figure 4.10-3 Experiment Subsystem Control Networks 
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The poor accuracies shown in "disadvantage 4" primarily represent the error per count at each end of 
the range. They are caused by the low amplitude of the sensor output voltage at 1 mA and by the 
sensor's inherent no nlin ear temperature - resistance characteristic. However, other sources of error 
a syvnateri with "disadvantages 1-3" become increasingly important when the sensor output problem 
is corrected. PRTs having appropriate resistances (up to 8000 Q) at the high temperature end were 
baselined for these estimates. 




Figure 4.10-4 Existing RIUIEU Passive Temperature Sensor Circuit 


Figure 4.10-5 shows a circuit with five advantages over Figure 4.10-4. They are the duration of the 
current pulse, four lead wires to each sensor, tighter current source control, linearizing signal 
conditioning, and the number of channels that can be used for passive temperature sensors. 


Due to the Multiplex Data Bus timing and design, extension of the internal Current Source pulse 
duration is quite difficult External current sources controlled by a separate command allow any pulse 
duration desired. The measurement is taken near the end of the current pulse by executing an active 
sensor read command. In order to read many sensors in a short time, 8 current sources drive 8 
sensors simultaneously. Near the end of the current pulses 8 active sensor read commands are 
sequentially executed. 
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The use of active sensor read commands allows all 64 input channels to do temperature measurement, 
instead of the 16 original passive input channels. For the EU this means there will be 128 active input 
channels instead of 32 passive. 

The advantages of using this scheme are: 

1 . Four lead wire configuration to each sensor. 

2 . Current accuracy improved from 0.5% to 0. 1 %. 

2 . Separate current and voltage sense wires. 

3 . Manganin wire reduces thermal loss. 

4. Signal conditioning incorporates linearization to allow nearly uniform temperature error 
across the entire range. 

5. Current pulse increased from 54.7 its (one sensor at a time) to 20 ms (8 sensors at a 
time). 

6 . Measurement accuracy considerably improved. 

Range 

16- 31° K (28 -55° R) 

17- 50 °K (30 - 90° R) 

17-139 0 K (30 - 250° R) 

17-300° K (30 - 540° R) 

222-333° K (400 - 600° R) 

The disadvantages are: 

1 . Moderate development. 

2. Flight certification of Current Sources, Demultiplexers, Control Logic, and Signal 
Conditioning is required. 

The primary advantage of the baseline electronics is that it already exists. We believe that it can be 
modified for compatibility with an existing sensor type, such as the 2000 Q (273*K[491*R]) PRTQ, 
so that the temperature measurement system meets the ± 0.14*K (0.25*R) requirement at 31’K 
(55.8*R). An example of a candidate sensor / signal conditioner circuit for the 15 to 31*K (27 to 
55.8 R) temperature range is given in Figure 4.10-6. An analysis was performed to characterize the 
circuit and is contained in the Instrumentation Report (Ref 4.10-2). In this figure the transducer is a 
Rosemount Model 118 MF PRT and the voltage values represent calibration data points from a typical 
sensor excited at 1mA. The temperature vs voltage characteristic at each stage of the signal 
conditioner, which uses Burr-Brown components was also defined. The theoretical temperature vs 
analog voltage curve which would be generated by the signal conditioner was determined. A best fit 
equation with equal weight factors indicates a standard deviation of ± .07* K (0.13*R); the 8 bit 
resolution is ± .06* K (0.11*R) and the COLD-SAT requirement is ± 0.14* K (0.25*R). The worst 
case error analysis for optimized instrumentation requires that the current source be 1 mA ± 1 p_A 
(0.1%). The error sources can be related to 1) sensor repeatability / current source regulation, 2) the 8 
bit resolution limit, 3) mathematical modelling of the sensor output linearization process, and 4) total 
output errors inherent in each stage of the signal conditioner. To implement a circuit which minimizes 
the total error involves a judicious choice of instrumentation amplifier parameters (gain and offset) 
such that the converter stage can operate in the most accurate part of its input range. Transformation 
equations have been used to determine optimum values of these parameters which are shown in Figure 
4,10-6. 3 


Accuracy at Range Extremes 
±0.07-0.16° K (±0.12 - 0.29° R) 
±0.14-0.16° K (±0.25 - 0.29° R) 
±0.5-0.6° K (±0.89 - 1.07° R) 
±1.17-1.4° K (±2.01 - 2.51° R) 
±0.63-0.74° K (±1.14 - 1.34° R) 
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Figure 4.10-7 shows the solution for those few remaining cases where the accu rac y is still too low 
Two channels are assigned to a single sensor. The 16.7-300‘K (30 - 540° R) temperature range is 
broken into two sections with different signal conditioning for each. When one channel is saturated 
the other is within its range. 

The advantages and disadvantages for this configuration are the same as for Figure 4.10-5 except that 
the accuracy for the 17 - 300° K (30 - 540° R) range is improved to ±0.56-0.84° K (±1.01 - 1 51° R) 
and fewer channels are available. 



X 




Figure 4.10-7 Recommended RIU Modification for Dual Ranging for Sensor Accuracy 

Figure 4.10-8 shows the generic circuit for the RIU/EU interface of acceleration, flow, level, and 
pressure sensors. None of these require signal conditioning beyond that supplied with the sensor 
mese sensors ail provide a 0-5 vdc output that is compatible with the RIU ADC. Required accuracy 
is attainable without additional signal conditioning. To keep the hot wire level sensors from generating 
more heat than necessary, their +28 volt supply should be pulsed* This requires a control circuit that 
receives its direction from the command outputs of the RIU. Active sensor read commands are 

ifdesi?y eXCCUtCd nCar the end 0f +28 volt P ulse - 7,16 other scnsor c ^uits may also be pulsed 
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Figure 4.10-8 RIU Interfacing With Other Instrumentation Sensors 
4.11 Experiment Subsystem Recommended Changes 

The experiment subsystem not only must be compatible with meeting experiment set needs, but should 
also provide for an optimized, cost effective design that is also operationally responsive. The 
following are some recommendations for modifications to the experiment subsystem design: 

- There is still some uncertainty of the actual pressurant use during experimentation that 
ma y be dictated by variables that cannot be controlled. Performing an LH2 recharge 
on-orbit would accommodate these uncertainties, provided that additional fluid was 
allocated in the supply tank. The number of bottles could be reduced eliminating S/C 
weight and complexity, as well as eliminating a GH2 loading system on the ground. 
Ground loading of the pressurant bottles with LH2 could be accomplished while the 
supply tank is being serviced. 

- The receiver tanks’ thermal management subsystems can be optimized without the 
addition of a VCS to substantially reduce heat flux so that a hydrogen use benefit can be 
realized. This saved hydrogen could then be allocated towards performing additional 
tests in numerous experiment categories. 
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- With range safety concurrence, a plausible LH2 ground loading scenario can be 
developed that would result in the e limin ation of the supply tank vacuum jacket which 
would reduce weight and complexity of the design. A foam/MLI system would replace 
the jacket for ground servicing of the tank using the GN2 purge of the payload fairing 
for additional thermal capability and to mitigate condensation accumulation. The size of 
the tank will have to be assessed to meet both experiment set goals and new overall 
satellite weight goals. 

- Receiver tank 1 currently has an external wall mounted TVS heat exchanger that 
precludes the need to penetrate the tank wall multiple times. However, using an 
external wall mounted heat exchanger presents concern with whether or not it is 
important to provide adequate cooling to the LAD fluid. Additional assessment of LAD 
fluid cooling needs is required to resolve this issue. 

- Desired mass-to-volume ratios require additional evaluation to achieve proper receiver 
tank design. The tank sizes arc too small to achieve large differences without artificially 
adding unnecessary weight (from a structural stand point) to one of the tanks (most 
probably receiver tank 1). Tank sizes may also be reduced to meet new overall satellite 
weight goals. 

- Finally, there is an issue of how to size and control the flow legs for the TVS HX in 
each of the experiment tanks. A higher-than-nominal TVS flow could overcontrol 
pressure in the tank, resulting in more of a pressure drop than desired if there is no 
absolute basis from which to turn the flow legs on and off. On the other hand, too little 
flow could allow for unwanted pressure increase. In any event, higher than nominal 
flow legs will have to be operated intermittendy to maintain and reduce steady state 
pressure levels, as desired in the tanks. Detailed analysis and ground testing of control 
algorithms will have to be performed to accurately characterize the existing TVS flow 
control designs for pressure control. VCS temperature may be another control 
mechanism which may add to the controllability of tank pressure. 
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5.0 MISSION DESIGN 


5.1 Missi on Requirements 

COLD-SAT mission design requirements were derived primarily from the need to reduce the 
background acceleration during the experiments to less than 1 micro G. The capability to transmit 
experiment data and uplink command data was also considered. Launch on an F.T.V was baselined. A 
final orbital altitude of 926 km (500 nmi) was selected to provide a 500 year lifetime, in order to 
circumvent a detailed reentry study. 

A 3 month mission is planned, based on projected consumption of the liquid hydrogen. At the end of 
the mission, propellants, pressurants, and remaining hydrogen will be purged from the tanks as a shut- 
down procedure is followed to safe the spacecraft 

5.1.1 Orbit - Launch to a circular orbit was baselined, with experiment thrust maneuvers performed to 
m i nimi ze the growth of eccentricity. Although circularity is not a strict requirement it is desirable in 
order to maintain a more consistent experiment environment (background acceleration due to 
atmospheric drag varies with altitude). The drag acceleration at 926 km (500 nmi) is less than 0.001 
micro G’s. Refer to Figure 1.7-1 for the orbit in relation to TDRSS. 

The attitude of the COLD-SAT spacecraft was selected to provide adequate solar array contact with the 
sun, and minimize perturbation of the experiment environment. A slow roil, pitch and yaw of the 
spacecraft is required as the orbit regresses and as the earth moves around the sun. 

COLD-SAT mission design requirements went through several iterations to refine and improve the 
overall mission design. The initial orbital altitude was raised from 834 km (450 nmi) to 926 km (500 
nmi) in order to provide additional margin for the final periapsis altitude. The increase to 926 km (500 
nmi) results in an orbital period of 103.5 minutes. This change tends to improve the TDRSS 
communication availability and reduce disturbance torques, while increasing the final periapsis altitude. 
A second change was the reversal of the spacecraft long axis, so that the longitudinal axis aft end 
points toward the projection of the sun in the orbit plane. 

5.1.2 Communications - The TDRSS satellite is baselined as the primary communication mode for 
downlinking experiment data and uplinking commands. The GSTDN network is included to provide 
health and status data only, as a backup to the TDRSS link. TDRSS contact is available for at least 10 
minutes per orbit, and backup GSTDN contact for at least 9 orbits per day. Health and status data are 
transmitted through the GSTDN/DSN emergency backup link. The data is analyzed to determine 
whether to reinstate the operational on-board computer (OBC) or to transfer control to the redundant 
OBC. Finally, commands are uplinked through GSTDN/DSN to return to the nominal attitude control 
scheme. 

The three GSTDN locations not targeted for shutdown, and the three DSN locations were analyzed for 
contact with COLD-SAT. Using a 5 degree minimum elevation requirement, contact with at least one 
station in 9 orbits per day was provided. Four of these orbits showed contact with 4 out of the 6 
stations. The average contact time, 8 minutes per station, should be adequate for health and status 
information. 

A reduction in staffing, in addition to a reduction in the number of GSTDN stations from 8 to 3 has 
been planned. This could mean delays of 2 to 3 hours between the time a link is requested and the time 
communication is actually established. 
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Data Storage and Transmittal Strategy 

(1) Two on-board solid state recorders together provide a minimum of one day of storage capability 
(1.29 x 10 exp(+8) bits). The entire orbit data will be recorded at 2 kbps (103.5 minute orbit). Loss 
of one recorder will mean that one recorder records and plays back. There is no effect on the mission. 

(2) The downlink rate has been set at 16 kbps (nominal) and 32 kbps (maximum). Typically, a ten 
minute per orbit contact period with TDRSS will be adequate to recover the experiment and 
housekeeping data and to transmit changes to the onboard sequences. However, to recover from gaps 
due to TDRSS scheduling conflicts or to provide continuous downlinking during critical experiment 
activity, additional time may be requested from the TDRSS scheduling office at GSFC. 

5.2 Launch Vehicle Capabilities 

No surfaces of the spacecraft may protrude through the dynamic envelope. High frequency basic 
structure may come close to the dynamic envelope, but low frequency structure such as solar panels 
and ant enn as must be adequately contained. Any infringements of the above practices may be 
negotiated with MDAC. 

The Delta II - two stage launch vehicle can circularize a 4082 kg (9000 pound) payload at 926 km (500 
nmi) (per the Commercial Spacecraft User’s Manual). A Delta II expendable launch vehicle was 
selected based on a trade study of Titan, Atlas, and Delta ELVs. The Delta n is a two-stage launch 
vehicle with solids for additional thrust 

A Kepner-Tregoe (K-T) analysis was used to select the launch vehicle. With the K-T analysis, the 
candidates must first pass a go/no-go criteria. NASA LeRC identified the candidates, so this was 
considered the go/no-go criteria. The alternatives evaluated were based on a weighted criteria affecting 
system cost and the maximum technology return. Spacecraft volume was treated as the criteria to 
determine technology return which would be based on the maximum amount of liquid hydrogen that 
could be carried. The experiment K-T analysis ranked various methods of utilizing the available 
volume for the class I experiments. Basic features required to perform the experiments were enhanced 
with extra features to increase the fidelity of the experiments. The Titan HI and Atlas Centaur were 
considered to have twice as much payload volume available to increase the amount of liquid hydrogen. 
Payload volume was considered separately from experiment fidelity to consider the impact of the 
arrangement of the housekeeping functions. Satellite cost increases caused by a larger volume 
(excluding the cost of larger experiment tanks) is offset by the decrease in cost of allowing easier 
housekeeping function placements. Launch site modification was considered a driver because Atlas 
Centaur was the only vehicle which had cryogenic handling facilities and equipment on the launch site. 
The other launch sites required modification to provide cryogenic handling. Operations complexity 
was included with launch modifications and was rated according to the number of stages and additional 
motors and the necessity to introduce LH2 into the processing flow, which Atlas-Centaur already did. 
Payload weight was not a discriminator, because all of the launch vehicles could meet the minimum 
capability to the destination circular orbit Axial acceleration limit load factors were relatively close for 
each of the vehicles, and no adverse affects could be identified. Increased tank sizes also increases the 
technology risk. However, no available tanks meet the minimum COLD-SAT requirements for LH2. 
The Centaur availability risk factor was speculated as low due to problems previously experienced at 
KSC Partners available to coexist with a COLD-SAT would be required for launch on a Titan ID, 
and none could be identified. The study results determined that designing to the minimum 
configuration, utilizing the largest Delta II shroud volume, would allow the satellite to fit on any of the 
launch vehicles. Both Atlas-Centaur and Delta II had almost equal scores based on the combination of 
the cost analysis and the experiment fidelity analysis, therefore the Delta II was selected as the baseline 
launch vehicle.. 
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The Delta II launch vehicle consists of two liquid stages and attached solid boosters. The solid 
boosters are separated prior to first stage separation. On orbit, the shroud is ejected and the attitude 
control system activated prior to second stage separation. After separation from the Delta n, the 
TDRSS antenna and solar arrays are deployed. After the spacecraft check-out procedure is completed, 
experiment operations are initiated. Experiment data is recorded each 103.5 minute orbit. The 
recorder data is downlinked and commands uplinked (if required) during the 10 min ute contact with 
TDRSS each orbit 

Solar array panels and TDRSS antenna deployment follow Delta II second stage separation. The solar 
array panels are folded and each attached to a boom which is folded. The boom is deployed and 
latched after the panels are released and unfolded. The panels are rotated to align with the sun. The 
TDRSS antenna is also attached to a boom which is released and deployed. 

5.3 Mission Analysis 

5.3.1 Qtbii - The orientation selected for the COLD-SAT orbit and attitude results in a continual 
spacecraft roll, pitch, and yaw to m a in tain direction of the longitudinal axis at the projection of the sun 
in the orbit plane. The plane of the orbit is constantly changing because of the nodal regression that 
results from the earth's oblation. The rate of the regression is a function of the orbital altitude and the 
inclination. Based on a 926 km (500 nmi) circular orbit with an inclination of 28.8 deg, the longitude 
of ascending node regresses at 5.4 deg per day. " J 

^ie effect of nodal regression on the spacecraft attitude is demonstrated below. Assuming an initial 
longitude of ascending node of 0 deg, the spacecraft is pitched at 28.8 deg and the roll is 0 deg. The 
longitude of ascending node regresses at 5.4 degrees per day. After 16.7 days the ascending node 
regresses to -90 deg, causing a pitch of 0 deg and roll of -28.8 deg. After an additional 16.7 davs, the 
ascending node is -180 deg with a pitch of -28.8 deg and roll of 0 deg. The nodal period is 67 days. 
Figure 5.3. 1-1 is a description of the variation in orbit. 



SEASONAL VARIATION OF 
SPACECRAFT/SUN ORIENTATION 
(VIEW FROM ABOVE ECUPT1C) 



90 OEG 
(3 MONTHS) 



180 OEG 
(6 MONTHS) 



0 DEG 
(0 MONTHS) 
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A second attitude effect is caused by the motion of the earth about the sun. The variation in spacecraft 
yaw is illust rated by viewing the spacecraft / earth / sun geometry from above the ecliptic plane. The 
yaw changes 180 deg in 6 months at an average rate of 1 deg per day. 

The spacecraft roll, pitch, and yaw are continuously updated by the vehicle attitude control system. 
This maintains constant pointing of the spacecraft longitudinal axis toward the projection of the sun in 
die orbit plane. 

For the 40 experiments that require thrusting to achieve desired bold numbers, three thrust levels were 
selected: 5.6 n (1.26 lb), 1.9 n (0.42 lb), and 0.4 n (0.09 lb). Over the 90 day mission, a delta v of 
nearly 213 m/s (700 ft/s) is applied to the COLD-SAT orbit. This results in a growth of eccentricity, 
causing a reduction in the final penapsis altitude. Using a simulation that integrates the COLD-SAT 
orbit, it was found that eccentricity can be reduced by applying thrust reversals. Thus, by reversing 
the long axis of the spacecraft for certain experiments, the eccentricity of the final orbit can be reduced, 
increasing the final orbital penapsis altitude. 

Six of the experiments were selected as candidates for long-axis reversal, based on high thrust and 1 
hour duration criteria. The application of these 6 reversals significantly reduced the final orbital 
eccentricity. The the rmal impact of 1 hr reversals is expected to be m i n i m al. Furthermore, because the 
solar arrays can be articulated ±170 deg, there should be no solar power degradation during these 
reversals. 

Initial studies examining the effect of experiment thrusting on final orbit eccentricity revealed that 
despite the input of significant delta v (nearly 213 m/s (700 ft/s)), the semi-major axis of the final orbit 
was relatively unchanged. Parametric analyses were performed to characterize this result. A 
relationship was discovered between low level thrust directed in the orbit plane and the orbital semi- 
major axis. 

Based on COLD-SAT orbital conditions and thrust levels, a periodic perturbation of semi-major axis of 
approximately 3.7 km (2 nmi) occurred (repeating every 103.5 min). This sinusoidal effect resulted 
without regard to the spacecraft true anomaly or the angle between the thrust vector and orbit penapsis. 
Furthermore, it was discovered that the phasing of the cyclical variation in semi-major axis was 
dependent only on the angle between the thrust vector (vehicle long axis) ami the center of the earth at 
thrust initiation. An initiation angle of 0 deg (n adir -pointing at thrust initiation) resulted in a semi- 
major axis perturbation cycle beginning at the minimum semi-major axis. An initial angle of 180 deg 
(thruster initiation when vehicle is pointed directly away from the earth) caused the cycle to begin at the 
maximum semi-major axis. 


In order to continually increase the semi-major axis over the COLD-SAT mission, a strategy was 
adopted to delay the start of each experiment until the vehicle is within 10 deg of nadir-pointing. This 
provides a 5 min ute window (once an orbit) to begin thrusting and in the worst case extends the 
mission by 3 days. Because each experiment duration is different from the 103.5 min orbit period, the 
semi-major axis is larger after each experiment. Figure 5.3. 1-2 demonstrates the effect of reversing the 
spacecraft for six experiments and constraining the bum initianon times. 

Experiment thrusting without timing constraints causes a slow increase in the eccentricity, while the 
semi-major axis remains at about 926 km (500 nmi). Reversing the spacecraft long-axis causes the 
eccentricity to decrease, while the semi-major axis remains at about 926 km (500 nmi). If experiment 
timing is optimized, the semi-major axis steadily increases, while the eccentricity is relatively 
unaffected. Using both techniques the eccentricity is reduced while the semi-major axis is increased. 
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Figure 53.1-2 Altitude Time History 

5.3.2 Lifetime * Lifetime prediction is highly dependent on the atmospheric model used. A heavier 
spacecraft leads to a higher ballistic coefficient, which leads to a lower altitude with an equivalent 
lifetime. The following results are based on circular orbits, decaying in a nominal COSPAR 
International Reference Atmosphere (CIRA 72 - 1972). An initial altitude of 765 km (4 13 nmi) 
corresponds to a 500 year lifetime assuming a 3175 kg (7000 lb) final mass (consumables depleted), 
CD=2, and a reference area of 11.15 sq meters (132 square feet). Some sources indicate atmospheric 
density increases of 1 to 2 orders of magnitude over nominal values can be seen during high solar 
activity periods. The effects of dispersions in atmospheric density and elliptical initial orbits on 
lifetime predictions should be investigated. 


5.3.3 Sun Pointing ■ The time history of the solar beta angle (the angle between the orbit plane and the 
sun) is a result of the baseline orbit and the spacecraft attitude scheme that points the back of spacecraft 
long axis at the projection of the sun in the orbit plane. Figure 5.3.3- 1 depicts the time history of the 
solar beta angle over the mission starting at a beta angle of zero degrees. The beta angle can be used to 
represent the solar array articulation angle for movable arrays, or the angle between the long axis of the 
spacecraft and the sun for fixed arrays. 

The pitch attitude variation (a sinusoidal oscillation between ±28.8 deg every 56 days), is 
superimposed on the annual apparent sun elevation motion between ±23.5 deg. The resulting beta 
311 j\c. Var ^ CS between ±52.5 deg. The orientation of beta angle peaks and valleys can be adjusted bv 
modifying the launch time of day (affects the longitude of ascending node of the orbit) or the launch 
time of year (affects the initial apparent sun angle relative to the equator). 

For a 90 day mission duration, the beta angle can be reasonably bounded by ±40 deg. This will 
impact the fixed solar array scenario. The beta angle range for the 6 day quiet experiment is of interest 
for the movable array option, because it will be fixed during this 6 day period. In the worst case the 
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beta angle will vary 22 deg. For the best case, the beta angle will only change 2 deg. Figure 5.3.3- 1 
mntains the solar beta angle time history based on a longitude of ascending node of 0 degrees. 

A movable solar array option has been baselined for the COLD-SAT mission. However, the arrays 
will be fixed during quiet experiments, the longest lasting approximately 6 days. The power 
degradation that results from the combination of the change in beta angle during the 6 day period and 
the basic poin tin g requirements is bounded by anticipating the beta angle change. The arrays can be 
biased to yield a drift offset equal to half the beta angle change. Pointing requirements of 2 deg in 
spacecraft pitch and 2 deg in solar array articulation, yield a total pointing tolerance of 4 deg. This 
results in a total worst case offset of 15 deg and best case offset of 5 deg, corresponding to power 
degradations of 3.4 percent and 0.4 percent, respectively. The average drift offset of 10 deg yields an 
expected power degradation of 1.5 percent for the 6 day quiet experiment. 

Solar array shadowing as a function of the boom length shows minim al shadowing [0.06 sq m. (0.7 
sq ft.) or less than 1 percent] for the 2.8 deg pointing requirement, even with a very short boom 
length. If desired, shadowing can be eliminated completely by incorporating a 0.305 to 0.61 m (1 to 2 
ft) solar array boom extension or separation distance between the spacecraft body and the solar array. 



TIME FROM LAUNCH (DAYS) 

Figure 533-1 Solar Beta Angle Time history 

5.3.4 Propellant Requirements - Station-keeping thrust requirements are expected to be driven by the 
end-of-mission periapsis altitude and the projected lifetime corresponding to this altitude. Current 
lifetime predictions show an ample altitude margin, requiring no propellant to raise the final periapsis 
airinirfff However, life time analyses are highly sensitive to the atmospheric model. Until a more 
sophisticated lifetime program can be used to examine the COLD-SAT mission, a propellant allocation 
of 22.7 kg (50 lb) will be used for station keeping. 

Attitude control thrust requirements are based on countering thrust misalignment and cg-offset errors 
that induce torques during thrusting experiments. Based on a simplified, two-dimensional analysis, a 
propellant allocation of 34 kg (75 lb) has been established, with an expected usage of approximately 
22.7 kg (50 lb). This two-dimensional approach to a three-dimensional problem provides a rough 
approximation to propellant consumption. A high-fidelity attitude control simulation should be applied 
to validate these results. 
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Experiment thrusting has been allocated 374.1 kg (825 lb) of propellant, providing a margin of 24 kg 
(53 lb) over expected usage. Overall, a propellant margin of 58 kg (128 lb) or 13 percent exists for the 
current COLD-SAT mission. 

5.3.5 Attitude Control - The control system concept is a traditional design consisting of an onboard 
computer and software, sensors and actuators, and interface electronics. The spacecraft attitude is 
detennined using a sun sensor, earth sensor, and the spacecraft ephemeris which is periodically 
obtained from GSFC and propagated between uplinks. 

Sun sensors are body-mounted with sufficient field-of-view to handle beta angles between ±52.5 deg. 
Horizon sensors are directed along the spacecraft ± Y-axes to ensure horizon contact twice each orbit 
Inputs from the coarse sun sensor and the three axis magnetometer provide an orthogonal current 
coordinate system. OBC models of the desired sun position and magnetic field provide a targeted 
coordinate system. The attitude error between current and targeted conditions are processed through 
the reaction control system logic to command the thrusters. Vehicle attitude is changed and a new 
current attitude is established. 

Peak attitude rate requirements were derived from the orbital simulation that tracks vehicle attitude as a 
function of sun position, orbit plane, and spacecraft position within the orbit plane. Regression of the 
orbital longitude of ascending node and motion of the earth about the sun, cause peak rates of 4 deg 
per day for roll and pitch, and 6 deg per day for yaw. Rotational acceleration about the spacecraft z- 
axis induces transverse acceleration in the supply tank and receiver tanks. It is desirable to maintain 
these induced acceleration levels less than 1 0(E-6) g's. Finally, attitude deadbands of 2 deg during 
experiments and 1 deg between experiments (to minimize gravity gradient torques) have been 
baselined- A limitation of 25 % ratio of transverse to axial acceleration has been established. The 
expected thrust vector misalignment should be between 0.1 degrees and 0.5 degrees. 

The COLD-SAT spacecraft will be subjected to numerous internal and external disturbance torques. 
The internal torques are discussed in section 6 (dynamics). The external torques are considered as thev 
affect the spacecraft design and mission design. 

The largest external torques are due to gravity gradient and aerodynamic drag. By designing the 
attitude of the vehicle with the long axis of the vehicle in the orbit plane these effects are both cyclical. 
The total torque integrated over a complete orbit is zero, with peak torque within the capability of the 
reaction control wheels. Although solar pressure torque is significantly less than gravity gradient and 
drag torques, it builds over time necessitating continuous use of the mag torquers to keep reaction 
control wheels from becoming saturated. 

The attitude control capabilities include reaction wheel momentum of 20 N-m-sec (15 ft-lb-sec), torque 
of 0.15 N-m (0.11 ft-lb), and average magnetic torque of 0.004 N-m (0.003 ft-lb), and the use of 
thruster off-pulsing and on-pulsing. 

The small disturbance torques between experiments should be within reaction wheel and magnetic 
torquer capability. However, torques caused by cg-offset and thrust vector misalignment, during 
experiments, require thrust on-pulsing or off-pulsing. 

Based on Magellan experience, the eg is expected to be balanced to within 0.127 cm (0.05 inch) with a 
ballast mass of less than 45.4 kg (100 lb). Thrust vector misalignment is expected to be between 0. 1 
deg and 0.5 deg. Finally, the interaction between the individual ACS elements is a complex process. 
To fully understand this interaction, the use of a high-fidelity simulation is required. 

The COLD-SAT orbit and attitude scheme dictate a slow roll, pitch and yaw in order to maintain the 
long-axis of the spacecraft pointed at the projection of the sun in the orbit plane. As the ascending 
node regresses, the roll and pitch attitudes oscillate between ±28.8 deg. The peak roll and pitch rates 
(4 deg per day) occur as the vehicle attitudes pass through 0 deg. The yaw attitude averages 1 deg per 
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day driven by the earth's motion around the sun. However, peak yaw rates can reach 6 deg per day 
due to periodic nodal regression effects. The reaction wheel and magnetic torquer elements should 
provide s ufficient capability to handle these peak attitude rates. 

For the purpose of attitude control analysis, the cg-offset and the thrust vector misalignment angle can 
be combined into an effective cg-offset Thrust vector misalignment and cg-offset create a torque 
imhaianre that impam an angular acceleration about the spacecraft z-axis. 

The angular acceleration as a function of effective cg-offset for the 3 experiment thrust levels was 
rift fpn iniri Assumin g a 1.7 m (5.5 ft) moment arm horn the eg to the bottom of the supply tank, the 
maximum allowable angular acceleration (corresponding to an induced transverse acceleration in the 
supply tank of 10E-6 g's) is 3.35 x 10E-4 deg/sec 2 . To meet this requirement, an effective cg-offset 
of 0.8 cm (0.3 in) would be required. This would constrain the thrust vector misalignment to 0.15 
deg. Figure 5.3.5- 1 depicts the CG offset for various thruster accelerations required for the 
experiments. 

A highly simplified, two-dimensional analysis of a complex, three-dimensional ACS process assumed 
a 1.25 cm (OJ inch) effective cg-offset, resulting in a planar rotation about the spacecraft z-axis. The 
torque imbalance was allowed to continue until a deadband of ±2 deg was reached. At this point, 
thrust pulsing was initiated to counter the torque, arrest the angular velocity, and return the spacecraft 
to the 2 deg de adband limi t. The thruster pulsing was discontinued, followed by the torque imbalance 
due to the effective cg-offset, etc. Derivation of the equations describing this model showed that the 
ratio of the time outside the deadband to the time inside the deadband is simply the ratio of the torque 
in sid* the deadband to the torque during thruster pulsing. Therefore, a larger torque ratio (torque 
applied during pulsing over cg-offset torque) results in a shorter thruster pulsing time ratio. 

The axial acceleration regimes of 4.7xlOE-5 and l.OxlOE-5 axial g's required on-pulsing for only 1 
second out of every 10 seconds, because the same number of thrusters could be used during on- 
pulsing as were used to generate the axial acceleration. However, the 1.4xlOE-4 axial g s regime has 
only one-third of the thrusters used to generate the axial acceleration. As a consequence, the thrusters 
must pulse three times more frequently than for the other two axial acceleration regimes. 

It should be noted that in each of these cases the transverse acceleration levels induced in the supply 
tank during thruster pulsing exceeds the desired limit of 10E-6 g’s by about one order of magnitude. It 
should also be noted that these results may be tempered by the use of reaction wheels to dampen both 
the torques within the deadband limits and outside the deadband limits. To fully characterize ACS 
pe rfor mance, the use of a high-fidelity simulation is required. 

In addition to affecting rotational acceleration levels, thruster on-pulsing and off-pulsing impact ACS 
propellant consumption. Thruster off-pulsing results in lower than expected experiment propellant 
consumption, while on-pulsing causes higher than expected propellant consumption. In order to 
assess this consumption sensitivity, the two-dimensional approach was employed. To be 
conservative only on-pulsing was considered (the 4.7xlOE-5 and 1.0xl0E-5 axial g's regimes). 

Additional propellant consumption due to thruster on-pulsing as a function of effective cg-offset using 
a mid-range offset of 0.01 m (0.5 inches) results in ACS propellant consumption of 22.7 kg (50 lb). 
Figure 5.3.5-2 depicts the propellant required for control based on different CG offsets. See Figure 
5.3.5-3 for the axial thrust required for each experiment thrust regime. 

Safin g - Contingency planning for the loss of a gyro has been established with the attitude control 
subsystem automatically switching to a Sun Aspect Mode (SAM). In this mode, the inertial reference 
unit is not used for attitude control. Instead, the OBC autonomously rotates the spacecraft to locate the 
sun and point the solar arrays toward the sun. 
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The Safe Hold Mode is a backup system that is used in the event of a failure in the OBC. The Safe 
Hold Mode can be initiated by a ground command or by the on-board electronics when an OBC failure 
is sensed. The attitude control electronics (ACE) will sense the need to switch to its analog mode to 
control the spacecraft The spacecraft is driven to an orientation such that the solar panels are facing 
the sun and the third axis is held inertially stabilized by using gyro position / rate preference and the 
thrusters. 

The automatic transfer to the Safe Hold Mode is accomplished in the ACE by the Computer Status 
Monitor (CSM) electronics when it detects an anomalous pulse train from the OBC or receives a "safe 
hold on” command from either of the two ACE Remote Interface Units (RIU). Upon entering the Safe 
Hold Mode the Safe Hold Electronics (SHE) will: (a) be powered - up; (b) switch its three axis 
control loop outputs to the reaction wheels; (c) switch the Inertial Reference Unit (IRU) analog rate 
inputs to the SHE control loops; (d) switch the rate and position signals to the Propulsion Module 
Electronics (PME); (e) send a "safe hold enable" logic signal to the PME; (f) switch the outputs of the 
Coarse Sun Sensors (CSS) to the SHE control loops; (g) use the CSS position inputs and the IRU 
rate and position inputs to orient the spacecraft such that the normal to the solar array is aligned with 
the sun line; (h) convert the reaction wheel tach pulses to analog signals proportional to the wheel 
momentum; and (i) switch the magnetic torque drive commands to the ACE Magnetic Torquer Drive 
Electronics. 

5.3.6 Mission Potions - Propellant to raise final periapsis altitude shows that optimized burn timing 
saves between 18.1 to 20.4 kg (40 to 45 lb). The reversal strategy saves 13.6 to 15.9 kg (30 to 35 
lbs). The most severe power loss for the articulated solar array is about 2 percent (assuming that the 6 
day quiet experiment can be pre-planned to achieve the average power degradation). Conversely, the 
fixed array option results in a power loss of 7 percent (assuming the 90 day mission can be pre- 
planned to limit the beta angle variation to ±40 deg). Additionally, if the reversal strategy is employed 
by the fixed array option, a propellant mass savings of 13.6 to 15.9 kg (30 to 35 lbs) can be realized, 
but at a power system cost requiring a doubled battery capacity or a doubled battery depth of 
discharge. 

Currently, the articulated array concept is baselined for system flexibility. However, the benefits of 
simplicity of the fixed array option (along with the slight power costs) are recognized. 

An alternate fixed array option was explored (different from the 20 deg canted array option, where the 
spacecraft is rolled 180 deg to handle beta angles less than 0 deg). In this option, the long axis of the 
spacecraft is still in the orbit plane, but is rotated 90 deg from the current configuration so that the Ions 
axis is parallel to the projection of the sun in the orbit plane. The solar arrays are coincident with the 
orbit plane (initially). The spacecraft is then rolled about the long axis until the fixed arrays are normal 
to the sun. This option has several drawbacks. The primary concern is that the solar array boom axis 
is no longer constrained to the orbit plane, introducing gravity gradient torques that accumulate over 
time. It is expected that these torques would be within the capability of the magnetic torquers, 
although a detailed magnetic field model is required for verification. This option also introduces a 
mechanism to rotate and lock the solar arrays during deployment Finally, the communication link 
analysis is slightly perturbed by this spacecraft orientation. 

5.4 Mission Design Conclusions 

The major COLD-SAT mission requirements are satisfied by the current configuration. Solar power 
degradation is minimal. TDRSS communication is more than adequate. Disturbance torques are 
within reaction wheel and magnetic torquer capabilities. Additionally, several simple strategies have 
been developed to maximize the final periapsis altitude (longitudinal-axis reversals and optimized bum 
timing). 


5-9 



EFFECTIVE CG OFFSET 

CG OFF. 
CM(INCH) 
0.12(0.05) 
0.12(0.05) 
0.12(0.05) 
0.12(0.05) 
0.12(0.05) 

THRUST 

(DEG) 

0.1 

0.2 

0.3 

0.4 

0.5 

EFF. OFF. 
CM(INCH) 
0.56(0.22) 
0.99(0.39) 
1.40(0.55) 
1.83(0.72) 
2.26(0.89) 



0 0.2 0.4 0.6 0.8 1 

EFFECTIVE CG OFFSET (INCH) 

0 0.5 1.0 .1-5 2.0 2.1 

EFFECTIVE CG OFFSET (CM) 


Figure 5JJ-1. CG Offset vs Experiment Acceleration Requirements 

Several areas should be targeted for further analysis. Lifetime prediction requires a highly 
sophisticated atmosphere model and should account for eccentricity effects. The lifetime program from 
NASA/MSFC should provide the required capability. Also, the current attitude control system should 
be analyzed with a high-fidelity simulation. 

The simulation should validate the current configuration, define induced lateral acceleration levels, 
examine reaction wheel desaturation requirements, and provide ACS propellant consumption 
requirements. 
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The need for the 926 km (500 nmi) orbit should be examined based on the lifetime model used. The 
500 year lifetime requirement was selected to avoid a lengthy analysis of the dispersion of a deorbiting 
spacecraft A trade study to determine the cost of the high altitude versus the cost of the dispersion 
analysis should be conducted. 

The articulated solar array cost versus the power available from a possibly larger fixed solar array is 
an other trade study that was conducted. The mechanism requirements and the software costs for 
determining the movement of the articulated array are offset by the volume restrictions of a fixed array 
and the flexibility gained by the articulated array. However, the ability to eliminate external forces on 
the liquid hydrogen caused by the motion of the solar array is significant, but is only required during 
the experiment periods of no thrust (stratification) which is only done during 5 to 10% of the mission 
and can be accommodated by fixing the array for those time periods without significant power loss. 
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Figure 535-2. CG Offset vs Propellant Required for Control 





6.0 SPACECRAFT DESIGN 

Qiaiacigrisncs 


The satellite has characteristics similar to many inertial spacecraft designs. The driver on the design of 
COLD-SAT is the payload envelope permitted by the 3.05 meter (ten foot) diameter fairing and the 
sizing of the experiment tanks in that volume. The spacecraft design concept utilizes the entire payload 
fairing of the launch vehicle. The experiment tank configuration is surrounded by other subsystems' 
hardware. Heavier items are located at the aft end of the spacecraft to move the center of gravity further 
aft. 

The restricted volume caused some difficulty in the design integration of the hardware and will require 
careful planning in the assembly of the experiment sub system at the satellite level of integration. The 
3.05 meter (10 feet) fairing allows for the use of any of the ELV candidates. 

The spacecraft subsystems are comprised of hardware that has existing, qualified designs. The 
conceptual design of the satellite has been evaluated for reliability and risk. The high reliability and low 
risk estimate is based on the use of spacecraft avionics presently in production, and requires minimum 
modifications for its electronic functions. The intent is to use the spacecraft avionics hardware with 
minimum modifications to their electronic functions or interfaces. Some modification to the electronics 
interfacing with the experiment are necessary to allow for the range of measurements and their 
required accuracies. The off-the-shelf hardware was selected to coexist with minimum new interface 
hardware and software. 

The satellite fits within the shroud payload envelope of 2.54 meters (8 ft 4 in) in diameter by 5.89 
meters (19 ft 4 in) in height. The satellite, with consummables, weighs 3222 kg (7105 lbs) without 
margin. With a 20% margin imposed, the total launch weight is 3866 kg (8526 lbs). The 
consummables consist of 286 kg (630 lbs) of liquid hydrogen, 433 kg (956 lbs) of hydrazine 
propellant, 6.8 kg (15 lbs) of GHE pressurant (for experiment and propulsion), and 8.2 kg (18 lbs) of 
GH2 pressurant for the experiment. The consummables are sized to provide sufficient margin to 
allow for minor contingencies in the mission timeline. The satellite requires an average orbital power 
of 1 167 watts provided by a solar array and batteries. The solar array was sized for 2400 watts end-of- 
life. The batteries operate during peak periods and occultations. 

The components from the Martin Marietta version of the Multimission Modular Spacecraft (MMS) are 
utilized in this concept. The capability to accept multiple Remote Interface Units and Extender Units 
allows for the number of measurements required by the COLD-SAT experiment. The avionics 
equipment has distinct heritage, and thus can be sized directly for this spacecraft. The one megabit 
bus provides sufficient capability to handle all of the bus traffic required by COLD-SAT. The satellite 
on-orbit configuration equipment bays and the propellant tank locations require that the tanks are 
covered with MLI. The on-board computer (OBC) has a dual function. It handles the experiment 
sequencing and control as well as processing the attitude control needs of the spacecraft. 

The experiment subsystem will require design development for specific items of hardware defined in 
Section 4.8. All experiment requirements have been accommodated or revised per LeRC direction with 
the present design of the satellite. 

6.1 Spacecraft Configuration Evolution Overview 

The spacecraft has evolved over the two year study based on the driving requirement of the LH2 
supply tank size. Center-of-gravity considerations also played a large part in determining the location 
of equipment Every intent was made to locate electrical and mechanical hardware, involving a specific 
experiment tank, near that particular tank. The major change made during this study period was to 
include the MMS module structural containers as well as the individual electronics assemblies. 
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Originally it was thought that there was not enough room to include four complete modules in the 
given vo lume. The use of the GEOMOD program validated that there is sufficient room inside the 
shroud. 

The other changes to the configuration included changing the number and size of propellant and 
pressuxant tanks, again based on experiment requirements being reduced. Also, the Power Control 
and Distribution Module (PCDM) was added to house much of the electronics that was not already 
included in the other MMS modules. The pressure regulation scheme was changed from non-flight 
proven electronic regulation to a bang-bang system and then to conventional set regulation system for 
the high pressure required and a bang-bang system for the low pressure required. The number and the 
size of the thrusters changed from an original set of eight 4.45 N (1.0 lb) thrusters and twenty 0.44 N 
(0.1 lb) thrusters to a set of twenty 0.89 N (0.2 lb) thrusters. 

The Concept Review baseline configuration was packaged within the Delta II 0.305 m (10 ft) payload 
fairing. It made use of the majority of the available payload dynamic envelope and allowed for the 
inclusion of the largest size tankage possible for both the supply and receiver tanks to provide the best 
compromise of available LH2 (approximately 363 kg (800 lbs)] and scaling relationships between the 
two receiver tanks. This concept utilized MMS hardware installed in equipment bays located 
throughout the satellite. Launch vehicle constraints dictated moving all of the heavy equipment as far 
back as possible and led to the creation of an open (MLI blanket enclosed) aft equipment bay where 
batteries, power boxes, propellant tanks, and valve panels were supported aft of the supply tank struts 
and lower ring frame which also provide! for attachment/separadon from the Delta EL Eight longerons 
provided the major structure for load carrying and support of equipment shelves and for the two 
receiver tanks. Equipment was installed on the top side and bottom side of the equipment shelves, as 
were the pressurant tanks and valve panels and associated plumbing. The interface with the Delta II 
was a direct mount to the top of Stage EL No payload adapter was required. 

Modifications and refinements to the satellite design approach were made as a result of extending the 
level of design detail based on more detailed analyses of the satellite requirements to support the 
experiment and evolved a more cost effective and mission supporting design approach. The MMS 
module structures were added here and allowed for a greater off-the-shelf procurement. The 
experiment component panels were placed in optimum locations to be near associated tankage and 
plumbing interconnect/distribution systems. Propellant requirement increases changed the size of the 
propellant tanks and added more pressurant tanks. The solar array was resized and redesigned. A T-0 
umbilical was added to support final countdown servicing. 

The Preliminary Requirements Review Concept increased the supply tank capacity to 413 kg (91 1 lbs) 
of LH2. This concept utilized existing MMS module hardware installed in three existing module units. 
Other equipment was installed in an existing MMS likeness unit termed the PCDM. An aft equipment 
bay contained propellant tanks, experiment valve panels, the aft propulsion module, and various 
satellite interfacing electronics and avionics boxes, including the recorders which were supported on an 
equipment shelf above the propulsion module by the supply tank struts and lower ring frame which 
also provided for the attachment/separation from the Delta II. Eight longerons provided the major 
structure for load carrying and support of a rectangular support structure to which the MMS modules 
and the two receiver tanks were attached. Experiment pressurant tanks were mounted above the MMS 
modules. Experiment valve panels were installed as close to their respective tanks as possible, both 
beneath and on the sides of the MMS modules. Experiment tankage remained the same as the Concept 
Review concept The interface with the Delta II remained unchanged 

The final configuration presented at the Experiment Review decreased the size of the supply and 
receiver tanks to provide additional volume for other equipment within the payload shroud The 
TDRSS antenna boom was redesigned and relocated to provide a clear field of view. The pressurant 
and propellant tanks were reduced in size or number. The solar array configuration was revised from 
3 hinged panels to 2 hinged panels on opposite sides of the satellite. The number of thrusters was 
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reduced and they were all resized. The number of Remote Interface Units and Extender units was 
decreased after defining the measurement interface. 

6.2 Structural Design 

Figure 6.2-1 is a GEOMOD program-developed concept showing the satellite in the Delta II shroud. 
Figure 6.2-2 is the GEOMOD version of the satellite on orbit with the solar array and antenna 
deployed. Figure 6.2-3 is a cutaway version of the launch configuration with the experiment tanks 
removed to indicate structural attachment of avionics and other assemblies. 



Figure 62-1 Satellite Configuration within the Delta II Payload Shroud 
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Figure 62-3 Cutaway View of the Satellite with Experiment Tanks Removed 
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6-2.1 Fie l d of YiCTy Constra i nt - The field of view requirements of the sun sensors, the solar array 
the earth sensors and the antennas have been observed in the design. The TDRSS antenna has been 
Pkrc f J° avoid interference with the solar array view angle and to provide a clear field of view. The 
TDRSS antenna obstructions by the spacecraft body when viewing aft were ftHmtnarpH by using a 
longer boom. To ease the design implications, a constraint has been levied to only rotate the antenna 
±35° in elevation (sufficient to get at least 10 min/orbit of TDRSS time). 

Solar array repositioning is required due to the changes in beta angle and the Earth's regression over 
time. Figure 6.2. 1-1 depicts the field of view requirements. 

6*2-2 MMS Modu l e Structure * There is less risk using the MMS modules intact and not changing the 
mechanical interface to the boxes. However, the weight penalty for using the MMS module structure is 
Se 'u CI ”? ~ ^ ^ ^ lbs) extra per subsystem. The MMS modules can fit in the envelope of the launch 
vehicle payload shroud in conjunction with the experiment tanks. MMS equipment mounted within 
their enclosures accommodates the launch c.g. requirements. 

TheMMS module structure provides the necessary interfaces to support and house electrical units and 
interface connectors. Thermal control is through the addidon of a louver system and/or radiator plates 
depending on module- specific needs. Mounting to the spacecraft structure is via a 4-point attachment, 
upper and lower preload bolts, two-axis restraint socket and a three axis restraint socket The interface 
connectors mate with structure for support The connector mate on the structure is designed for easy 
connector mate or demate. 
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- ± 2 DEGREES CONE ANGLE 
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- ±170 DEGREE ROTATION 
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Figure 62.1-1 Field of View Constraints 


6-5 



The PCDM contains many of the assemblies required for power distribution. The PCDM is a special 
unit built to house equipment not included in the standard MMS complement The dimensions of the 
mnrfniw are the same as that of the other MMS modules. The module itself uses the basic structure o 
an MMS module {same size). The module uses more external connectors (8) than the basic MMS 
mo dule (one or two external connectors). Mounting provisions for the module allow relatively easy 
removal of the module. 


<5.2.3 T annrh VehiH* Interfaces - The launch vehicle interface consist of the Delta II Fairing, the 
FV»rtriral Interface, the Umbilical, and the Separation System. 


DPI TA n Fairing - No surfaces of the spacecraft protrude through the dynamic envelope provided by 
the payload fairing. High frequency basic structure may come close to the dynamic envelope but ow 
frequency structure such as solar panels and antennas must be adequately contained. Any 
infringements of the above practices may be negotiated with MDAC given the exact location. 

Fi^friral Interface - The hardwire interface from COLD-SAT through the payload fairing boattail 
(bypassing the Delta II umbilical) to the blockhouse of Launch Complex 17 exists for measurements 
and commands. The need to activate the Attitude Control Subsystem, prior to launch vehicle 
separation, requires a timed signal from the launch vehicle or spacecraft. 

Umbilical - Connections through the payload fairing are required for fill and drain, for purge and for 
vent of the liquid hydrogen and gaseous hydrogen on board the spacecraft. Two electrical umbilicals 
are required through the payload fairing boattail section. 

9«T>ararion System - The spacecraft is attached to the launch vehicle during the launch sequence using a 
V-band clamp. The V-band clamp, when signaled to do so, will release by firing the pyrotechnic 
separation nuts. This releases the energy stored in the tension band of the clamp causing it to back 
away from the ring frames of the spacecraft and the launch vehicle. When the V-band clamp has 
released, the Delta Stage H will back away from the spacecraft accelerating to a velocity of 0.305 m/sec 
(1 ft/sec). The separation switch will indicate that separation has occurred. After the V-band clamp 
(supplied by MMAG) releases, it is captured by a restraint system which precludes the danger of it 
striking the spacecraft. After separation, the V-band clamp will stay with stage H, thereby not adding 
to the flyaway weight of the spacecraft. Figure 6.2.3- 1 depicts the V-band clamp design. 



Figure 623-1 Launch Vehicle Separation System 
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6.2.4 Center of Gravity f C.G.) Envelope - The estimated range of spacecraft weights and C.G. 
locations at liftoff (stowed weight) shows that the COLD-SAT C.G. location is acceptable according to 
the Delta II criteria in MDAC memo A3-P923-PDES-88-93 (Ref. 6.2-1). Figure 6.2.4- 1 depicts the 
satellite and the station locations determined from the existing station numbers assigned by the Delta IL 
A satellite weighing 3401 kg (7500 pounds) can have a CG below station 404. The present design of 
3221 kg (7103 pounds) is well below that station at station 416.9. The satellite hardware is inside the 
payload fairing and is located according to the launch vehicle stations. While the volume available is 
restrictive, all hardware has been accommodated. The furthest aft and furthest forward c.g. locations 
are determined based on the consummables usage over time. The largest possible c.g. travel over the 
pcnod of the COLD-SAT mission depends on the amount of consummables re mainin g and the tank 
location of the liquid hydrogen. The worst case c.g. occurs about day 75 of the mission when the LH2 
remaining is located in the farthest receiver tank, with none in the supply tank. 
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Figure 62.4-1 Dimensions of the Satellite within the Payload Shroud 


6-7 





6 2 ,5 Mass Properties - The summary of the satellite subsystems weights has added to these weights a 
20% contingency on the total spacecraft It is anticipated that the weight for off the shelf hardware is 
more th an a de quate without margin, since that hardware is existing and has measured weights. The 
o<tima»#» for the structure and the experiment subsystems are conservative, and 20% margin, in those 
subsystems, should also be adequate for development growth. The Delta II provides the additional 
weight margin since it can tolerate more than a 4082 kg (9000 pound) payload at our c.g. location. 
Tabie 6 7 5 -1 contains the masses and locations of the satellite hardware and consummabies. 

The mass properties were calculated using a mass properties analysis program. Modification of 
l oca tio n of hardware can easily be input to the pro gram to determine the effect on the mass properties. 


Table 62 J-l Satellite Weight 
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Table 625-1 Satellite Weight Continued 
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6.2.6 SflTiCTUrc • The major structural elements of the COLD-SAT spacecraft include the following 
items as shown in Figure 6.2.6- 1. The Delta II interface flange is an aluminum rolled ring (1). The 
spacecraft/Delta El separation system is a V-band clamp (2). The supply tank vacuum jacket and girth 
rings and ring frames are pan of the support structure of the spacecraft (3). There are 16 Supply Tank 
support struts of aluminum with aluminum end fittings (4). The four MMS modules are supported on 
a frame face and frame Z structure (5). There are four GSE lifting/rotation trunnions at the top of the 
girth ring (6). Eight equi-spaced supply tank longerons are attached to the girth rings (7). The solar 
array boom is attached to the body with a support structure (8). The thrusters and supporting 
propulsion system hardware are supported on aft (9) and forward propulsion module panels and 
support structure (10). The forward propulsion module panel is made of honeycomb with aluminum 
face sheets (1 1). 


The antenna deployment hinge is torsion spring loaded (12). The antenna boom is curved to fit in the 
shroud envelope at the desired length (13). An upper longeron / lower stringer large ring frame 
supports the MMS module supports and is attached to the girth ring (14). The upper structure around 
the upper receiver tank is a rectangular tube structure with shear panel skin (15). Eight support struts 
connect the large ring frame around the supply tank to rectangular tube structure with aluminum fittings 
(16). The solar panel is on a hinged boom (17). The gimbal design for the solar array is the same as 
used on the Magellan Spacecraft. 
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Structural responses will have a design goal of below 1 micro g. Frequency ranges will be maintained 
above 35 Hz in the thrust axis and above 15 Hz in the lateral axis. The satellite can experience 1.5 
times the Delta II value at the GG., affecting the lateral accelerations. Therefore, a factor of 1.5 was 
added to all accelerations to account for the lower frequency . The COLD-SAT load factors are: 

Axis Limit intimate=Linrit*2 

Lateral ±5.625 ±11.25 

Thrust +9.0/-0.3 +18.0/-0.6 

The stress analysis included the load factors (accelerations) used for limit and ultimate load conditions, 
mar gin* of safety for all structural components and pressure vessels, structural models and mass 
distribution used in the computer analysis. All elements of the structure and pressure vessels have 
positive margins of safety for limit and ultimate loads. The margins of safety for the pressure vessels 
are: 


Su pply Tank Receiver Tank 1 Receiver Tank 2 

Limit 0.72 2.28 2.30 

Ultimate 1.10 1.58 1.50 

Wall Thickness 0.14 0.06 to 0.125 0.08 

The tank?; will be designed using fracture mechanics. 


Some margins of safety are relatively high, which is a result of higher stiffness requirements for these 
structural components. Stress analysis has confirmed that margin exists above the ultimate loads 
d ef ined by the LV requirements. The minimum margins of safety, based on yield allowables are: 


Member 

Limit X&Z ... 

Limit Y&Z 

Ultimate X&Z 

Ultimate Y&Z 

Struts 

1.50 C 

1.50 C 

1.00 C 

0.24 C 

Stiffeners 

3.10 C 

2.90 C 

1.00 C 

0.95 C 

Lower Ring 

17.00 C 

13.00 C 

8.20 C 

6.10 C 

Transition Ring 

2.90 T 

2.60 C 

2.70 T 

1.70 T 

Tank Rings 

4.50 TC 

4.50 TC 

1.70 TC 

1.70 TC 

Cone Ring 

93.0 T 

9.10 T 

4.20 T 

4.10 T 

Upper Struts 

1.60 C 

1.60 C 

0.30 C 

0.28 C 

Column 

1.20 C 

1.80 C 

0.11 C 

0.01 C 

Base Beams 

2.00 C 

4.00 C 

0.11 C 

1.50 C 

Press. Bottle Struts 

4.80 T 

5.40 C 

1.90 T 

2.20 C 

Solar Array Struts 

16.00 T 

19.00 C 

9.10 C 

8.80 T 

Top Beams 

15.00 C 

19.00 C 

6.80 C 

7.20 C 

Solar Array Beams 

3.00 TC 

2.50 C 

1.00TC 

0.73 C 

Antenna Struts 

8.30 C 

5.20 C 

3.60 C 

2.10 C 

Antenna Beams 

5.90 C 

8.80 C 

2.50 C 

3.90 C 


VON MISES STRESS 


M/S 

2.65 

2.61 

0.83 

0.81 


(NOTE: T=TENSION, C= COMPRESSION) 

A one Micro G environment is attainable in steady state (rigid body). There is only a 2.5 x 1 0' 7 cm 
(10- 7 inch) displacement. 
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On-orbit transient environments cannot be kept below 1 Micro G unless an exotic isolation system is 
provided for the experiment tanks. It is believed that the short duration of the transient responses do 
not impose a restrictive force on the processes to be analyzed. No constraints are evident from 
reviewing the launch vehicle requirements. The required frequencies (rigid body) can be met using the 
correct load sizing and providing proper damping and stiffening. The load factors are very 
conservative for a conceptual design. Ultimate loading was changed from a factor of 1.25 to a factor 
of 2.0 to avoid building a test structure. Verification will be by analysis. 



Figure 62.6-1 COLD-SAT Structured Subsystem Configuration Isometric 
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6.3 Thermal Control 

As the CO LD -SAT design activity proceeds, the thermal design analysis will incorporate margins for 
uncertainty and variations in surface properties, etc. Flight allowable temperatures for the components 
and equipment modules range from -159° to +135°C (-254.2 to 275 °F) external to. the satellite body, 
from -252.7° to +77°C (422.9 to 170.6°F) for the experiment, and from -50° to +80°C (-58 to +176°F) 
for the avionics. Temperature predictions with thermal math models must be within the "flight 
allowable range". A margin of 1 1°C (51.8°F) is applied to the flight allowable range to determine 
acceptance test levels. This is consistent with Mil-Std-1540B Test Requirements for Space Vehicles. 
If the component is actively heated, then the temperature predictions can be within the 1 1°C (5 1.8°F) 
margin band below the lower flight allowable limit in Figure 6.3-1. 


Component Design 


Component Qualification 




5°C 


Component Acceptance 




11°C 


Flight Allowable i 


If Heated 


Temp. Predictions 
Must be in This Range 


11°C 

« m 


m 16°C r 


21°C 


PROTOFUGHT 

Figure 63-1 Fight Allowable Temperature Limits and Margins 

The test levels for qualification include margins that depend on whether the qualification hardware will 
be flown as the flight vehicle (protoflight vehicle). Normally this margin is reduced to 10°C per Mil- 
Std-1540B, however for a protoflight design such as COLD-SAT this margin is reduced to 5°C. 
Derived requirements include those such as the vehicle orientation and heat loads. 

The most restrictive thermal requirement is the need to maintain the batteries within a narrow 
temperature band at all times in the mission. Rotating the vehicle 180° about the Y-axis (point the 
longitudinal-axis in the opposite direction) can be accomplished utilizing a passive thermal design 
concept. The solar panels are oriented normal to the solar vector. 
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The longitudinal or long axis of the vehicle is fixed menially in the orbit plane and it is always pointed 
parallel to the projection of the solar vector in the orbit plane, e.g. when the solar beta angle is zero the 
long axis points directly at the sun at all points in the orbit 

Instantan eous and orbital average heat fluxes were computed for beta angles of 0° and 52°. The beta = 
0° orbit is the cold case because of the reduced time in the sun and because the vehicle's long axis is 
parallel to the solar vector. The beta = 52° case corresponds to the hot case because of the solar 
exposure time and the incident solar fluxes on the vehicle sides. 

Equipment operational scenarios were examined to determine hot and cold case conditions. The key 
factor that drives the hot case heat loads is the operation of the TT&C components and also the 
operation of the experiment. The cold case scenario assumes minimal experiment and subsystem 
activity. Then, combined with cold orbital conditions (sun-orbit beta angle =0) the worst case heater 
power results. The conceptual layout of the components results in the heat loads distribution. These 
values were input to the conceptual thermal analysis to assess the performance of our passive thermal 
balance approach. 

The surface geometry (TRASYS inputs) used in our conceptual design analysis defined the nodes in 
our thermal math model. The Thermal Radiation Analysis System (TRASYS) program was used to 
compute orbital heat rates and radiation exchange factors for input to our COLD-SAT thermal math 
model 

The model predicted preliminary temperatures for COLD-SAT using a 68-node MITAS thermal math 
model, with 278 conductor nodes. The results are for steady state conditions. Orbital average heat 
fluxes were computed for the external surfaces using TRASYS and put into this MITAS model. 
Individual boxes and components were not modeled at this point Heat loads from the components 
were impressed on the modules and on the other mounting areas to provide this assessment of the 
thermal balance characteristics of this conceptual design. These preliminary results show that our 
approach is reasonable, e.g. our selected thermal control coatings and MLI can maintain the equipment 
environments in the desired ranges and has adequate heat rejection capability. Two different optical 
property conditions for MLI were investigated to bound the problem of thermal control. These are the 
minimum (a/e=.33/.84) and maximum (a/e=.35/.76) values that can be obtained with available off- 

the-shelf insulation. The minimum a/e for white paint should be .16/.92. Table 6.3-1 lists MITAS 
temperature predictions from the preliminary model. 

No new development is needed for the thermal control hardware. The design approach is to provide 
passive thermal balance of the total vehicle using thermal control coating, multilayer insulation, heaters 
and louvers. The existing thermal control hardware used has extensive heritage in programs such as 
Magellan, Scatha, etc. as well as numerous other spacecraft under classified programs. The louvers 
have a long heritage for their use with the MMS hardware. 
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Table 63-1 Conceptual Thermal Design MIT ' AS Temperature Predictions 


item 

Cold Hot 

deg C(deg F) 

Cold Hot 

deq C(deq F) 

PCDM Mounting Plate 
ACS Mourning Plate 
C&DH Mounting Plate 
MPS Mounting Plate 

No. 1 Receiver Tank Radiative Environment 
No. 2 Receiver Tank Radiative Environment 
Supply Tank Radiative Environment 
Hydrazine 

Experiment Pressurant Tanks 

a/e*.35/.76 mi* MU 

a/e = 221 M min MU 

17 (62.6) 24(75.2) 

20 (68) 27(80.6) 

23 (73.4) 38(100.4) 

18 (64.4) 24(75.2) 

-15 (5) 7 (44.6) 

26 (78.8) 36(96.8) 

24 (75 2) 33(91.4) 

40(104) 51(123.8) 

-4 to -13 6 to 47 

(24.8 to (42^ to 

55.4) H6.6) 

15 (5) 23(73.4) 

18(64.4) 26(78.8) 

19(66.2) 35(95) 

16(60.8) 22(36.4) 
-19(-2.2) 6(42.8) 

13(55.4) 30 (86) 

16(60.8) 30 (86) 

17(62.6) 43(109.4) 

-9 to -19 0 to 28 

(15.8 to (32 to 82.4) 

•2.2) 


Figure 6.3-2 depicts the thermal control methods to be used on COLD-SAT. The forward segment of 
the vehicle containing the receiver tank 1 will be coated with white paint to minimize temperatures 
around the tank. The experiment pressurant tanks will be individually wrapped with MLI to prevent 
radia t ion cooling to space and to moderate tank temperatures within the surrounding spacecraft 
environment. The four MMS modules will be wrapped with MLI with the exception of the outboard 
radiator surface. The heat flow dissipation will be controlled (regulated) from these radiator surfaces 
to the module baseplates by the module louvers. The louvers are temperature actuated and will account 
for variations in environmental and component heating. The batteries arc located within the VIPS 
module and will be maintained below 30 °C (86°F) by the use of a module radiator without a louver 
assembly. The MPS module will not require any louvers because of its higher heat dissipation rate, 
even in the cold case condition. The C&DH module uses heat pipes for dissipation of heat. The heat 
pipe contacts the electronics by a series of flow loops (legs) such that heat can be absorbed bv the heat 
pipe and rejected by the module base. The fluid is recirculated to continue the cycle over and over. 

The aft equipment located under the supply tank will be enclosed in an MLI blanket enclosure in order 
to maintain the equipment temperatures in their allowable ranges. The propellant tanks will be 
maintained within their allowable range by the use of thermostatically-controlled tape heaters to control 
individual propellant tank temperatures to within ±2 °C (35.6 a F). The supply tank vacuum jacket will 
be painted white on the outer barrel section surface that is exposed to space to minimize solar heating 
(low a/e ratio)* & 

A cross section through the MMS Modules at station 381 looking aft shows the location of the louvers 
and MLI relative to the solar vector orientations. This conceptual design utilizes these modules 
because of their ability to regulate the heat flow to the module electronics in both cold and hot case heat 
load environments. 


The modules are thermally isolated from the spacecraft structure by the use of its four point mounting 
system coupled with an inboard radiative barrier of MLI. They are insulated from the exterior 
environment with the use of MLI on the module walls and an outboard radiative surface and louver 
system which regulates heat flow to the module baseplates. 
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MU and Paint 





The experiment pressure bottles surround the modules for purposes of maintaining a thermal 
environment to assist in keeping the bottles warm. 

The louvers on the individual modules are passively controlled with a b imetalli c spring mechanism that 
flinmnaricail y expands and contracts in response to the module baseplate temperature to achieve the 
p ro p e r opening for the correct heat dissipation rate. The m ax im u m effective emittance of the MACS 
louver in the fully opened position is 0.822, and occurs at a temperature of about 19.7 deg C (67.5 
°F). The minimum effective emittance of the louver occurs at about 1.3 deg C (34.3°F) for the fully 
closed position and has an e mittan ce value of 0.1 1. A Chemglaze paint (E= 0.85) is used on the plate 
exterior. The louver area = 0.6 sq m (6.5 sq ft). 

The heaters selected are a film type built by Tayco and used on the Magellan spacecraft. The 
thermostats are a snap action type built by Texas Instruments and used on Magellan. The MLI material 
is manufactured by Sheldahl and fabricated by Martin Marietta of aluminum mylar and dacron net 

The design approach of our conceptual thermal control system for COLD-SAT is to provide passive 
thermal balance of the total vehicle using thermal control coating, multilayer insulation, heaters and 
louvers. No orbit constraints have been determined as yet if the vehicle attitude is maintained. The 
180 degree rotation of the vehicle (aft end toward the sun vector) for a few orbits does not seem to 
require more than the passive design concept Flight allowable temperature limits for the COLD-SAT 
components and experiment hardware must be maintained for all the on-orbit phases of the mission. 

6.4 Electrical Power 

The electrical power subsystem controls, stores, distributes and monitors power derived from a solar 
array. Two modules are used, the Modular Power System (MPS) and the Power Control and 
Distribution Module (PCDM). The MPS supplies unregulated 28 vdc power to other MMS 
subsystems and to the experiment subsystem. Isolation diodes are used to prevent d a m age to the MPS 
from external power line faults. During normal operations the MPS accepts power from the solar 
array, controls the solar array generated power, controls the unregulated output bus voltage, and the 
charge and discharge of the batteries. Batteries are required to provide power during sun occultations 
and to supplement solar array power during peak loading. The batteries are rechargeable. A single 
point ground system is used with the power distribution return bus grounded to the external spacecraft 
structure at the spacecraft central ground point. All primary subsystem power distribution return buses 
are independendy connected to the Power Control Unit (PCU) in the MPS and bussed within the PCU 
to the MPS power return bus. The onboard computer (OBC) monitors MPS parameters for control. 
These functions are battery under-voltage protection, battery overtemperature protection, load bus 
voltage, ampere hour battery charge control, computer pulse train, and battery and bus currents. 

Battery charge control is achieved by time integration of the battery charge/discharge currents, 
computation of battery efficiency, computation of battery depth of discharge and measurement of 
battery voltage, compared against computed temperature compensated voltage limits. The voltage from 
ffnrh battery, battery temperature, sensor outputs and elapsed time with real time indicators are all used 
in battery charge control and welfare monitoring as well as measurements of individual battery currents 
and total load bus currents. 

The PCU serves as the distribution point for the spacecraft loads and for battery recharge power. The 
PCU contains the power switching functions and current sensors for monitoring the MPS currents. 
The Power Regulation Unit (PRU) maximizes the utilization of the solar array energy to supply load 
power and battery charging, and to control battery charging. 

The 50 AH batteries are Nickel Cadmium and utilize the GE 42B050AB22 cell design with the NASA 
standard terminal configuration. No third electrode is used. 
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The orbital average load was analyzed to determine the solar array and battery requirements. The 
unique load requirements fall on day one of the mission. Day 1 consists of four phases. 

1 - Launch 2 - ACS Activate 3 - Post Deployment 4 - System Checkout: 

In Phase 1 the EPS and TTCS are active in support of recording the experiment subsystem status 
during launch. In Phase 2 the ACS is brought on line to spin up the gyros prior to separation. The 
batteries provide all of the power during phase 1 and 2. Phase 3 peak power uses the solar array to 
recharge the batteries that have been partially depleted during launch and ascent Phase 4 peak power 
includes transmitting data using the transponder and the 30 watt amplifier. Day 2 is the start of the 
experiment phase. Orbital average battery power during occultation in the experiment phase is 1167 
watts. The orbital average power during sunlight of 2003 watts includes: Average maximum power - 
1 167 w + battery charging power of 886 w. 

Power levels above 1 167 watts would include a mix of the following: 

A: Mixer Pumps on (included in orbital average) 

B: 2 Thrusters (on continuous) 

C: 6 Thrusters (on continuous) (included in orbital average) 

D: Pulsing 2 Thrusters 
E: Pulsing 6 Thrusters 

F: Experiment Heaters on (included in orbital average) 

G: Experiment Valve Activation 

H: Transfer Pump on (included in orbital average) 

A breakdown of elements within each subsystem with maximum orbital average and peak power loads 
was performed to generate the power requirements. Table 6.4-1 lists the load requirements averaged 
over an orbit for the assemblies in each subsystem. Peak power requirements are also shown. A 
worst case total of the peak power was calculated to provide a measure of the battery requirements. 

A flight qualified MMS design concept has been utilized for the electrical power subsystem. The 
Modular Power Subsystem Module provides power generation, regulation and battery charging. 
Command & data handling for the EPS is from the T, T, & C Subsystem via the Remote I/F Units 
(RIUs). The Power Control & Distribution Module (PC&DM) provides protection, control Sc 
distribution of power to electrical elements external to the Subsystem Modules (AACS, C&DH, MPS). 
The PC&DM provides control of Solar Array & TDRSS Antenna Articulation, power to mixer pumps 
& control of firing NSIs. The PCDM contains the pyrotechnic initiator controller firing circuits and 
provisions for nominally firing simultaneous prime and redundant initiators by a single set of firing 
commands. Command & Data Handling is from the T, T, & C subsystem via the Remote I/F Units 
(RIUs). The MMS MPS module is built by McDonnei Douglas except for the Power Regulation Unit 
which is built by Martin Marietta for the MMMS. The PCDM is built by Martin Marietta for the 
MMMS. The Pyro Controller is built by Martin Marietta. Figure 6.4- 1 is a block diagram of the 
EPS. 

The solar array consists of two solar panels. Each panel is oriented by a redundant, independently 
controlled, single axis drive unit. The solar array is designed with multiple diode isolated parallel 
strings of solar cells, such that no single failure causes more than a 2% loss of the total (both panels 
combined) power output The solar array power generation capability was calculated using the 
conditions and degradation factors for a short 6 month mission. The initial output wattage per square 
foot is degraded, resulting in a lower output wattage. Certain factors are over a 1 year period. The 
solar array is sized on the maximum orbital average power requirement, the worse-case beta angle, 
efficiency of the solar array & battery systems, and the ratio of the solar arrays in the shade to being in 
the sun. Sufficient spacing between solar cells is provided. The solar array requires a folded boom 
and two folds per panel to fit within the Delta II shroud. The solar array has heritage from the 
Magellan program. 
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Table 6.4-1 Satellite Orbital Average Power Requirements 
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Figure 6.4-1 EPS Block Diagram 
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will supplement the solar arrays in the event loads exceed the capability of the solar arrays. 
The batteries have the capability to supply 75% of the battery rating (based on a 50 AH battery) to 
hanHU peak loads. The battery charge rate is less than 27.8 amperes. The m a ximum discharge is 37 .5 
amper es maximum per battery. The batteries selected (2-50 ampere-hour batteries) are used on the 
Multi-Mission Spacecraft and provide redundancy if one battery is lost. The worst case depth of 
discharge is 25% with two batteries operational. With one battery the DOD is 50%. The batteries arc 
built by General Electric for the MMS. 

The capability of the Electrical Power Subsystem to handle peak power loads is dependent on the 
capability of the batteries to supply the necessary amperage. Based on a 75% discharge capacity per 
battery, calculations show a sufficient margin capability of the batteries to meet peak loads. 

The EPS can control up to twelve pyro initiating events. The events, functions, and pyro device is 
shown in the chart The EPS provides a redundant pyrotechnic initiating controller system capable of 
selecting and firing up to 48 NS Is. Control commands are two steps: Arm and Fire. 

6.5 Telemetry. Tracking & Command (TT&C) 

The C&DH module provides a means for tracking, for ground and on-board control of all spacecraft 
and experiment sensor functions and for transmission of housekeeping and experiment data. To 
uplink co mmands a redundant TDRSS transponder includes receivers. The transponder transmitters 
are used for transmitting data. The commands are routed from the command receivers/detectors to the 
Interface Unit (IU) which authenticates and distributes the commands to the Central Unit (CU). The 
CU distributes these commands throughout the spacecraft. The IU provides an interface to the 
transmitters to downlink, as well as performing the telemetry selection and processing. Control and 
monitoring of the housekeeping subsystems and the experiment subsystems is handled by the 
Multiplex Data Bus (MDB) attached to Remote Interface Units (RIUs). 

The MDB consists of a supervisory bus and a reply bus; each bus being redundant. The central unit 
(CU) within the TT&C controls the distribution of commands and the acquisition of data. Remote 
interface units (RIUs) in each subsystem interface to the MDB, process commands and acquire data as 
requested by the CU. The telemetry and command requirements of the COLD-SAT spacecraft and the 
experiment have been analyzed. Command requirements will fit within the one kbps uplink rate 
utilizing a block update concept. This allows multiple commands, which are frequently used, to be 
grouped together and initiated from a single block command in the uplink. The data bus rate required 
is 2.0 kbps which is well within the one Mbps capability of the conceptual design. The MMS data bus 
ran hanrHf* one Mbps of information. Both commands and telemetry are channeled to the Onboard 
Computer (OBC) which is a Litton LC-45 16E Extended version. 

The RIU is the standard interface between the CUs and the various subsystems. The RIU performs 
the functions of remote command decoding as well as remote telemetry multiplexing required by the 
subsystems. The capability exists for 62 RIU taps for telemetry. The conceptual design utilizes 14 
remote interface units (RIUs) and 9 extender units (EUs). The reason for the quantity of interface 
nnirs and extender units is the large number of active analog channels required by the experiment 
subsystem. Each RIU and EU can handle up to 16 active analog channels each. The remaining 
spacecraft measurements are easily handled by the RIUs. Data is acquired in the form of 0 to +5 volt 
analog signals, passive transducer signals, bi-level signals, and serial-digital signals. These signals 
are converted, conditioned, and multiplexed in 8-bit types. The RIU accepts 32 bit instruction 
messages from the CU, recognizes its own unique address, and responds appropriately to the 
instruction by (a) decoding and distributing commands to the subsystem, (b) decoding and distributing 
selected clock signals to the subsystem, and (c) accepting, conditioning, formatting, and transmitting 
the subsystem telemetry data. This includes supplying all necessary control and conditioning signals 
to the subsystem to effect data transfer. 
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The expander unit (EU) provides two way communication between a subsystem and the CU via the 
RIU and the MDB. On command from the CU, an RIU requests telemetry data from a channel via an 
EU. The RIU accepts, converts, and conditions the data as necessary, then transmits it via the MDB to 
the CU for insertion into the telemetry downlink stream and/or input to the OBC. 

The OBC is a general purpose, stored program, digital computer with a redundancy approach suitable 
for achieving long life in a space environment. The OBC is used for experiment control and data 
processing, attimde control and detennination, solar array and antenna pointing, variable format 
telemetry, mission sequence controlling, fault detection with corrective action for critical satellite 
failures, and monitoring and controlling the electrical power subsystem including battery charge 
control. One string of the OBC redundant processing capability is active. Functional redundancy is 
capable of being operationally verified. The OBC is organized in four functional subdivisions: the 
Central Processing Unit (CPU) which provides the computational capability of the OBC; the Power 
Conditioning Unit (PCU) which provides dc-dc conversion and regulation; the Memory Unit which 
has a storage capacity of 96K words; and the Input/Output Unit which provides cross- strapped 
redundant interfaces to the CUs, the RIUs and IUs. The OBC provides the capability to address up to 
128K (K=1024) words of memory. The OBC can accept a minim um of 16 interrupts which can be 
selectively inhibited. The Input/Output Unit receives 16 bit serial magnitude commands from the RIU 
to put into the OBC 

The telemetry, tracking and control subsystem utilizes standard MMS hardware. The conceptual 
design presented intends to use these components without modification. The heritage, therefore 
reflects actual hardware presently being produced. Figure 6.5-1 is a block diagram of the TT&C 
Subsystem. 



All data is recorded. Solid state recorders are sized to hold 12 hours of data each in case of TDRSS 
unavailability. All orbits have at least a 10 minute TDRSS window with many having as much as a 60 
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minute window. The recording media, for the solid state recorder is semiconductor. There are no 
moving parts. There is no restriction on the ratio between the record rate and the playback rate. The 
recorder has the capability to simultaneously record and playback. The power consumption is data rate 
dependent and relatively independent of the mode of ope ratio n. The recorder utilizes a first in/first out 
nyvj* of operation, with two of eight channels assigned a FIFO pair. The model selected is a Fairchild 
SSR1-64B (to be flight qualified in 1990) which contains a 64 megabit recording capability with 
memory expansion in 64 megabit increments. Each memory card has 64 megabit user space. The 
recorder MTBF is estimated at 10 years. Status telemetry is 1 serial digital channel (8 bit word) and 4 
bi-level channels and 2 analog channels. A separate battery (8.5 to 20 vdc) is required for backup 
when the bus is down. The 28 vdc bus input is required for operational use. This recorder is 
compatible with the MMS. 

In a contingency mode, if one solid state recorder fails, real-time data during the TDRSS contact could 
still be recorded for playback. Each recorder can record and playback at the same time. GSTDN 
stations are visible once per orbit for 3 to 8 minutes to process emergency health & safety data. To 
communicate with GSTDN a 2-hour call-up time is requi re d. 

The telemetry, tracking and control subsystem utilizes the MMS hardware. Multiple remote interface 
units (RIU) and extender units (EU) allow control and monitor of the extensive experiment subsystem 
sensors and valves. Control of the experiment sequencing function and the attitude control function 
are both handled by the on-board computer. The data handling function is handled by the Central 
Unit. Handling of transponder uplink & downlink is through the Interface Unit Loading of ground 
or uplinked commands will be under the control of the central unit (CU). Commands will be tagged 
as being required to be loaded into OBC memory or executed real time. Uplinked commands will 
co nsist of housekeeping or experiment sequences. Experiment sequence uplink events will occur once 
per week. The memory has been sized for a two week upload. Housekeeping commands can be 
uplinked every TDRSS pass as required. 

The RIU, Bus Coupler, EU, CU, and IU are built by Fairchild for the MMS. The On Board 
Computer is built by Litton and used on the MMMS. The Near-Earth Transponder and 30W Power 
Amplifier are built by Motorola. The electronics and motor for articulating the antenna are built by 
Schaeffer Magnetics and have heritage from Magellan. 

• 

rrimmanri operations are as follows: Computer commands are sent to an RIU to control the satellite or 
acquire data. These co mman ds can be realtime or delayed and can be OBC commands from the stored 
program, CU co mman ds for memory load, or IU commands for memory dump. Special commands 
are executed by the CU to control CU operations and MDB configurations. Realtime commands can 
bypass the OBC. Fixed commands are used for control of the satellite or experiment elements. 

The RF equipment provides the capability to communicate with ground stations or TDRSS antennas. 
Pointing control, in two axes, is provided for the TDRSS antenna with pointing accuracies plus or 
minus 5 degrees. The RF equipment acquires and phase-locks to a carrier signal and receives and 
the S-band signals transmitted by the TDRSS remote stations (at GSFC). The frequency 
of the received signal is coherently translated The normal operating mode of the RF equipment is two 
receivers active and one transmitter on standby except for the 10 minute period of TDRSS downlink 
availability. The active transmitter is selected by the OBC initiated commands in response to stored 
program co mmands or real rim e commands. RF switch activation as well as transmitter activation is 
used to switch transmitters from primary to redundant or vice versa. 

The pri mar y communication link is via TDRSS. The antenna required by COLD-SAT will be a 4- 
element array antenna. Each element is of helical design with 16 turns per element Frequency range 
of the antenna is 2.1 GHz (forward) and 2.3 GHz (return). The 30 watt S-band amplifier was 
because of its off the shelf availability. A 20 wan amplifier would be sufficient but was not 
available off-the-shelf. The amplifier, built by Motorola, is space qualified on Centaur. It amplifies 
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the 5 watt if output of the TDRSS compatible transmitter in the NASA Standard Transponder. It has a 
10 year lifetime. It can withstand temperatures from -50 deg C to +60 deg C (-58 to 140 °F). When 
transmitting, the amplifier uses 200 watts maximum. The analysis of the return link indicates that with 
a 32 kbps downlink rate, the if output is 45 dB with a margin of 3.5 dB. At 16 kbps, the margin 
grows to 6.5 dB. 

The redundant communication link is via Ground Stations (GSTDN). Two omni antennas will be 
u tiliz ed, located perpendicular to the longitudinal- axis near the supply tank, and placed 180 degrees 
apart. The omni antennas will be passively coupled. GSTDN co mmuni cation links will be used for 
return link of data only, no forward links of commands will be allowed although possible at 1 kbps. 

6.6 Attitude Control 

The control system concept was selected to maximize the ability to perform all of the experiment 
operations with a minimum of external torques on the fluid. Some operational requirements were 
derived to be used in conjunction with the control system operation. Reaction wheels in combination 
with magnetic torquers are to be used for experiments requiring a background acceleration of less than 
one micro g acceleration. This is to provide a minimum amount of disturbances on the experiment. 
When acceleration is required, forward or aft thrusters will be used to provide the acceleration and 
attitude control about the transverse axes. Reaction wheels will control the longitudinal axis. It is 
expected that the reaction wheels would be used during any quiescent period for tracking TDRSS and 
performing very slow maneuvers required to maintain the orbit for sun pointing. Any significant 
maneuvering rates will be pe rf o rm ed using thrusters. 

The control system concept is a traditional design consisting of an onboard computer and software, 
sensors and actuators, and interface electronics. The spacecraft attitude is determined using a sun 
sensor, earth sensor, and the spacecraft ephemeris which is periodically obtained from GSFC and 
propagated between uplinks. Nominally, an attitude update will be performed once per orbit Figure 
6-6- 1 is a block diagram of the Attitude Control Subsystem (ACS). 


The attitude error is corrected using thrusters or reaction wheels and magnetic torquers, depending 
upon the spacecraft mode of operation. The commands to the wheels, torquers or thrusters are issued 
by the flight software to the hardware via the interface electronics. The control system will determine 
the present, and desired orientation will be issued from the flight computer's control software. 
Accelerometers are required to provide experiment data correlation but are not needed for Guidance and 
Navigation. They couid be used in a fault detection and isolation scheme. 

Because of the nature of the COLD-SAT mission, the pointing requirements for the various mission 
phases are not very stringent. The toughest pointing requirement of one degree is needed during 
periods when no accelerations are desired on the experiment. Due to gravity gradient torques, frequent 
momentum desaturation would be required if one of the spacecraft axes (preferably X) was not aligned 
with nadir. A two degree pointing requirement is anticipated for delta-V maneuvers, during 
experiments with accelerations, or when control during quiescent periods is performed using thrusters. 

The modes of operation for attitude control are ( 1) Delta V for orbit adjust, (2) Experiment (with and 
without thrusting), (3) Quiescent (with and without thrusting), and (4) Slew to maintain the orbit. The 
pointing accuracy of the solar array is a significant driver in the power subsystem design. A 
requirement for pointing accuracy of five degrees was selected to minimize power loss due to pointing 
at 0.4 percent. 5 

In the allocation of pointing requirements to the spacecraft attitude and solar array articulation, and 
because the articulation is about the solar array boom -axis, the other axes show off-pointing due to 
spacecraft attitude only. The RSS method of combining angular offsets (applicable for small angles) 
yields a total pointing offset of less than 5 degrees. The coarse sun sensors are only used for acquiring 
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the <nn, not for pointing information. The fine sun sensors assist in the attitude determination and 
meet the one de gree pointing requirement derived from the momentum buildup from gravity gradient 
torques. Nominally, a two degree pointing requirement is sufficient while thrusting. 

The TDRSS antenna is also articulated, and also depends on spacecraft attitude as well as antenna 
articulation. The TDRSS antenna pointing requirement is based on the antenna beam half- width of 
10.5 degrees. Antenna pointing is achieved with a two axis gimbal for az im uth and elevation. For 
co nsistenc y, spacecraft off-pointing was converted from roll, pitch, and yaw to azimuth and elevation. 
The articulation requirement levied on die TDRSS antenna can be combined with the spacecraft attitude 
to yield a total pointing offset of less than the 10.5 degrees beam half-width. The Schaeffer stepper 
drive motor operates in steps of 0.007 5 degrees or less. The motor can be driven to a m a xim u m of 2.5 
degrees per second. This rate is much beyond the tracking rate requirements of the TDRSS antenna or 
the Solar Array. The step size assures accurate pointing capability with this motor design. 

Solar array sun pointing will be maintained by a single axis drive to within +/- 5 degrees of the 
sunline, except during experiment quiescent tests where solar array panels will be held fixed. Constant 
slow pointing maneuvers will keep the satellite longitudinal axis in the orbit plane and avoid maneuvers 
to maintain the attinide and the orbit overcoming the regression caused by the Earth. 



ELECTRICAL 

POWER 

SYSTEM 


Figure 6.6-1 ACS Block Diagram 


Guidance algorithms are required for performing orbit adjust maneuvers. The maneuvers are 
anticipated to keep the orbit near 926 km (500 nmi) to maintain orbital lifetime. Using a fixed bum 
film scheme should be adequate to perform the orbital adjust maneuvers although more complex and 
precise options exist using accelerometers or navigational aids. 
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Navigation is required for both the attitude determination scheme and for orbit adjust man euvers A 
simple scheme will be employed which used TDRSS or ground based tracking for the spacecraft 
ephemerides. The flight software will have the ability to propagate its ephemeris between uplinks. No 
special sensors are being added to the spacecraft for either guidance or navigation. 

The spacecraft also has some rate constraints derived from the experiment requirements. For example, 
during experiments the rotational rates about the longitudinal and transverse axes must be less than .07 
and .05 degrees per second, respectively. This is to minimize transverse accelerations and to make 
them as small a component of longitudinal acceleration as possible. Other rate constraints are imposed 
to minimize sloshing of the fluids between experiments. These requirements may change as the 
vehicle evolves from a concept to a design. 

The attitude control electronics (ACE) employes the design from the MMS MACS module. The ACE 
is being considered to minimize costs in the development of the control system. Sensor data is taken 
and actuators are commanded via these electronics. The ACE concept includes an analog safe hold 
mode in the event of an OBC fault 

The control system concept was selected to maximize the ability to perform all of the experiments. 
Some operational requirements were derived to be used in conjunction with the control system 
operation. Reaction wheels in combination with the magnetic torquers are to be used for experiments 
requiring 1 micro g or less acceleration. This is to provide the mi nimum amount of disturbances on the 
experiment. When acceleration is required, forward or aft thrusters will be used to provide the 
acceleration and attitude control about the transverse axes. A reaction wheel will control the 
longitudinal axes. 

It is expected that reaction wheels would be used during any quiescent periods for tracking TDRSS, 
and performing slow maneuvers. Any significant maneuvering rates will have to be performed using 
thrusters. 

Most of the ACS hardware has heritage from the MMMS used in other Martin programs. The 
hardware is being manufactured today. The most recent NASA MMS hardware is on the Explorer 
Platform and its ACS hardware provides a heritage factor. The horizon sensor replaces the star scanner 
used in the MMMS configuration. 

The Inertial Reference Unit selected is built by Teledyne for the MMS. The Sun Sensors, both coarse 
(Model 18394) and fine, are built by Adcole. The fine sun sensor has heritage from Magellan. The 
Horizon Sensor is built by Ithaco and has heritage from SAS-3. The reaction wheel is built by Sperry 
and has heritage from many explorer programs using MMS hardware. The 3 axis magnetometer is 
built by Schonstedt (Model SAM-63C-12). The magnetic torquer is built by General Electric (model 
SYS-1046S). The attitude control Electronics is built by GE for the MMS. 

The disturbance torques that act on COLD-SAT will be environmental as well as internal. The gravity 
gradient torque causes momentum build-up in the reaction wheels and drove the requirement to keep 
the spacecraft longitudinal axis in the orbital plane during the long, no-acceleration experiment tests. 

The aerodynamic torque also causes momentum accumulation. However, it is cyclic in nature if the 
spacecraft is maintaining an inertial attitude. Analysis shows the wheels cannot tolerate the momentum 
build-up without requiring desaturations during the experiment tests. 

Solar pressure is another environmental disturbance but is small enough such that the wheels can also 
manage the momentum buildup without requiring desaturation. Magnetic and outgassing effects are 
anticipated to be negligible. The internal torques need to be assessed as the spacecraft design matures. 
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One of the major concerns for attitude control is fluid slosh. An interaction between the control system 
and the sln sh frequencies could lead to gyro saturation or large disturbances on the experiment. 

Typically, spacecraft will manage slosh in tanks by use of baffles. In the case of COLD-SAT, baffles 
can not be placed in the experiment tanks since studies are being pCTformed to assess fluid motion and 
interactions. The control system will most likely employ a technique of operating at a frequency far 
away from the slosh frequencies. 

At this point in time it is not possible to predict with accuracy the slosh or control system frequencies 
except th at the slosh frequency was analyzed to be between 1 and 10 Hz (during on-orbit thrusting). 
The slosh frequency will be dependent upon the supply tank size, its geometry, fluid mass, damping 
characteristics, and the acceleration levels imparted on the tank. The control system frequency can 
only be determined given a known c.g. offset, moments of inertia, and control algorithms. Software 
solutions to separate control from slosh frequency include rate signal filtering or forcing control 
frequencies. A simulation model has been develop®! for use in Phase B that will predict the control 
system frequencies. A slosh model developed for another program will be integrated into the 
simulation model for COLD-SAT. 

Trade studies and analyses have been performed to resolve the issues of fluid slosh, flexible body 
dynamics, internal disturbance torques, and fluid venting. 

The degree of autonomy that the fault detection and isolation system should have will require a trade 
study between hardware and software costs vs reliability. The selected approach to recover from loss 
of a tt it ud e ref e re nce is to use the scheme developed on other MMAG programs for "Attitude Safe Hold 
Mode” and "Sun Aspect Mode". Experience and analyses from other similar systems such as 
Magellan will serve as useful information toward resolving these issues. 

6:7 Propulsion 

Propulsion is a required subsystem of COLD-SAT for the purposes of station-keeping, providing 
specified acceleration levels for experimentation, and attitude control. The requirements derived for the 
propulsion system are based on these functions. 

Station-keeping requirements are based upon the impulse required to reorient the spacecraft between 
experiments in order to minimize orbit perturbations due to thrusting during the experiments. 
Meeting the experiments' acceleration levels is not a simple matter. Other options for performing the 
acceleration functions include more and different thrust levels. This option has not been investigated at 
this time because it is considered to require a large number of thrusters and thus add greatly to system 
complexity and weight. This option would, however, eliminate the need for varying tank pressure in 
order to achieve the desired thrust levels. The minimum size thruster available is 0.445 N (0. 1 Ibf). 
We have selected 0.89 N (0.2 Ibf) thrusters for the mass of COLD-SAT. 

In order to satisfy the experiment requirements for supplying the proper acceleration level(s), it is 
necessary to vary the thrust level of the thrusters. In other words, the various acceleration ranges of 
the experiments impose a requirement to be able to select various total thrust levels. This can be 
accomplished by selecting certain thrusters as well as varying the thrust of those thrusters between 
experiments. This variation of thrust is done by varying the tank pressure. Table 6.7- 1 provides the 
correlation between acceleration requirements and thrust levels. 

The system is capable of maintaining tank pressure at a given value that can be changed between 
experiments. The system operates by monitoring tank pressure and controlling power to the solenoid 
valves. The valves are commanded opened if the tank pressure falls below that desired, thus 
supplying more pressurant to top the propellant tanks. 
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Figure 6.7-1 shows the propulsion subsystem schematic for COLD-SAT. The propulsion subsystem 
consists of a single pressurant tank, eight hydrazine tanks, twenty 0.89 N (0.2 lbf) thrusters, valves, 
filters, transducers, and regulators. The pressurant tank is the same design as used for the experiment 
subsystem. The propellant tanks have an elastomeric diaphragm to provide positive expulsion 
capability and are initially loaded to a 90% fill level. The current qualified level of the tanks is 75%, 
but the vendor, TRW-PSL has indicated that the higher fill level should be possible without modifying 
the tank design. The propellant tanks are arranged in two groups; a group of 2 tanks for low thrust 
experiments and a group of 6 tanks for high thrust experiments. The two groups are arranged 
symmetrically to prevent CG shifts during firings. The thrusters have a thrust level between 0.187 to 
1.121 N (0.042 - 0.252 lbf) depending on feed pressure. Figure 6.7-2 shows the configuration of the 
thrusters on COLD-SAT. The thrusters are configured as close to the centerline as possible to 
minimize transverse accelerations. Transverse accelerations are determined by the distance from the 
satellite c.g. 

Table 6.7-1 Experiment Accelerations and Thruster Usage 



The propellant tanks are loaded by opening the service valves and filling the low and high thrust tanks. 
The service valves arc then closed, thereby isolating the low and high thrust legs. On-orbit, the pvro 
valve upstream of the filter in the propellant feed line is opened, allowing hydrazine to fill the feed lines 
up to the thrusters. The high thrust experiments are then performed by maintaining the propellant tank 
pressure at 241 1.5 kN/m2(350 psi) with the pressure regulators and withdrawing propellant from the 
group of 6 tanks. The low thrust experiments are performed consecutively, so the pressure in the 
propulsion system only has to be reduced once. This is accomplished by closing the multi-function 
pyro valve, which isolates the group of 6 high thrust tanks, and opening the pyro valve in the 
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pressurization line to permit pressurized outflow from the group of 2 low thrust tanks. During the low 
thrust experiments, the pressure in the propellant tanks is maintained at 517 kN/m^ (75 psi) by 
modulating the latching valves by the regulators. The check valves in the pressurization line prevents 
blowdown pressurization from the group of 6 high thrust tanks. Upon completion of the low thrust 
experiments, the multi-function pyro valve is opened and the remainder of the experiments are 
performed at the high thrust level. At this point the two tanks performing low thrust operations remain 
manifolded to the 6 high pressure tanks and provide co mmo n high pressure propellant for the rest of 
the mission. 

The propulsion subsystem takes advantage of an experiment set test plan which performs low thrust 
experiments consecutively. If the test plan would change so that the low thrust experiments are 
performed throughout the mission, then the propulsion subsystem would have to be modified to permit 
multiple changes in thrust levels. A statistically designed experiment approach may require more 
variation in thrust levels. 
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Figure 6.7-1 Propulsion Subsystem Schematic 
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4 DEGREE OF FREEDOM CONTROL, 

REDUNDANCY IS FROM 2 OF THE 8 THRUSTERS 
•THRUSTERS WITHIN 1.2 M (0.75 FEET) OF LONGITUDINAL 
AXIS TO MINIMIZE TRANSVERSE ACCELERATION 
WHEN OFF-PULSING OR ON-PULSING FOR CONTROL 
•PRESSURE REGULATION SYSTEM ALLOWS SELECTION 
OF REQUIRED THRUST LEVELS FOR EXPERIMENTS 


Figure 6.7-2 Thruster Configuration 

? e I™P^ion moc ^ e electronics (PME) will have the function of providing the measurement data to 
the TT&C subsystem. The electronics will also accept formatted commands to activate the valves and 

\ °* P 1 * 0 ? 11 ^ 00 subsystem. The PME, built by Martin Marietta, is compatible with the 

MMMS 

The hydrazine is contained in eight diaphragm tanks. The system requires pressure regulation for 
maintaining a selected constant thrust level for each thruster throughout a given experiment. Two 
different tank pressures are required for meeting the range of acceleration requirements of the 
experiments. The two tank pressures of 2756 & 586 kN/ m 2 (400 & 85 psi) combined with 
appropnate thruster firing schemes provide the flexibility needed for desired accelerations and attitude 
control. The system is provided with redundant main pyro valves for the propellant lines. Roll 
thrusters are placed in REMs (rocket engine modules) that contain two thrusters per REM 

Due to the large number of fluctuations in required experiment acceleration levels, it is unacceptable to 
dump pressurant each time the thrust level must decrease due to the large pressurant tanks required. 
Une alternative is to add several different thrust levels of thrusters to the system. This would 
significantly increase the number of components and complexity of the propulsion system. Therefore 
the compromise solution between pressurant tank size and system complexity is to independently 
pressurize two of the propellant tanks at 2756 kN/m^ (85 psi) and me other six at 586 kN/m^ (400 
psi). This is accomplished by a combination of check valves and latching valves mat isolate the tanks 
not being used in a given experiment and thus result in no pressurant needing to be dumped overboard. 

The components in me propulsion system have either been flown or have been flight qualified. 


6-29 


The th rus ter p atter ns are at both the fore and aft ends of the spacecraft. The aft end has eight 0.89 N 
(0.2 lbf) thrust er s (6 required) to accommodate the highest experiment acceleration requirements and 
allow for some r edundan cy in case of failure. Also on the aft end are the four roll thrusters which are 
0.89 N (0.2 lbf) each. The 0.89 N (0.2 lbf) thrusters accommodate pointing the longitudinal-axis of 
the S/C The eight thrusters at the front end provide negative thrust along the longitudinal axis. 

The longitudinal thrusters are in patterns of eight in order to provide redundancy and to provide for 
control by on-pulsing For instance, one or two thrusters would be on-pulsed if two thrusters in a 
pattern are already continuously firing. Off-pulsing of up to a m a ximum of two thrusters would be 
used for control where six thrusters are firing. 

The major issue in the on-board propulsion system for thrusters is the steady sore life of the 0.89 kg 
(0.2 lbf) thrusters. The function of providing low acceleration in the +longitudinal direction requires 
that two of the 0.89 N (0.2 lbf) thrusters on the aft end of the spacecraft handle on the order of 227 kg 
(500 lbm) total propellant used for the experiments. This assumes that the other six 0.89 N (0.2 lbf) 
thrusters on the aft end are for contingency use only (redundancy). Therefore, two thrusters must each 
be capable of less than 100 hours of essentially steady state operation apiece. This does not appear to 
present a major problem since according to Rocket Research personnel (the only manufacturer of the 
0.89 N (0.2 lbf) thruster). These thrusters have been ground-tested to as much as 227 kg (500 lbm) 
for 500 hours of steady state operation. 

The only other potential problem with the thrusters would be a result of high pulse rate (high 
frequency) operation. This tends to thermally cycle the catalyst bed and thus cause increased wear on 
the thruster. In addition, the valves may experience wear as a function of high cycle operation. The 
pulsed operation of the thrusters aboard this spacecraft corresponds to typical ACS thruster operation 
for the dea dban d of spacecraft attitude control. In other words, there is no high cycle or high 
frequency operation anticipated for the thrusters. 

The ordnance valves for the COLD-SAT experiment would be supplied by Pyronetics. Their model 
1420 valve was developed during and in support of the Viking Program. This valve uses redundant 
ordnance - any one of which would operate the valve. The valve contains dual seats of parent CRES 
material which is sheared upon operation to open the valve. The 1420 valve is the 1.9 cm (3/4 inch) 
valve which requires a pressure cartridge in addition to the NASA Standard Initiator (NSI) for 
activation. Pyronetics has developed and qualified many valves of various sizes which are very 
similar. 

The N2H4 multifunction ordnance isolation valves (P/N 3325) for COLD-SAT would be supplied by 
Siebelair. The valves are normally open and are closed with a pyro initiation at one end of the valve. 
The valve is opened by a pyro initiation at the other end of the valve. In this way, the normally open 
valve is reopened. The multifunction capability provides a reliable and inexpensive means of 
switching prop ulsio n system pressure without using latching valves. The multifunction valve is flight 
qualified and has flown on STS. 

The GHe pressurant storage tanks will be loaded through high pressure service valves provided by 
Pyronetics. This valve utilizes a metal- to- metal poppet/seat design wherein the internal pressure within 
the system tends to assist seating the poppet. This valve also incorporates dual seals and the potential 
for three independent seals, if necessary. This design is utilized on many high pressure gas systems as 
well as storabies. The valve materials are basically CRES with the seat being 15-5 PH. All seals are 
teflon or KEL-F. 

The N2H4 tanks will be loaded through service valves provided by Pyronetics . This valve utilizes a 
metal- to- metal poppet/seat design wherein the internal pressure within the system tends to assist 
seating the poppet. This valve also incorporates dual seals and the potential for three independent 
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seals, if necessary. This design is utilized on many high pressure gas systems as well as storables. 
The valve materials are basically CRES with the seat being 15-5 PH. All seals are teflon or KEL-F 

The thrusters for the COLD-SAT experiment would be supplied by Rocket Research Company. The 
thruster part number is MR-103C which is part of the MR- 103 family of engines. The MR-103C has 
flown on Magellan, SATCOM, Spacenet, and G-Star. The thruster has a variable thrust capability 
between 0.187-1.121 N (0.042-0.252 Ibf), depending on inlet pressure. COLD-SAT will use thrust 
levels between 0.2-0.9 N (0.045-0.21 lbf). The thrust variability permits the use of a single engine 
design to provide all required thrust levels. The thruster has 100:1 expansion and a dual seat, Wright 
Components, valve (P/N 15726). The thruster demonstrated 158,531 N-sec (35,625 lbf-sec) total 
impulse capability, 64,800 second continuous firing time, minimum impulse bit of 0.00445 N-sec 
(.001 lbf-sec) and 1033.5 kN/m^ (150 psi) inlet pressure, and 410,000 total pulses. 

The propellant tank for COLD-SAT would be supplied by Pressure Systems Incorporated (PSI), a 
subsidiary of Thompson, Ramo, Woolridge (TRW). The selected tank pan number is 80274-1 and 
has previously flown on EXOSAT. The tank is spherical with a 0.48 m (19.03 inch) inner diameter. 
The wall material is 6A1-4V titanium. The tank uses a positive expulsion AF-E-332 elastomeric 
diaphragm for low-g fluid expulsion. The minimum wall thickness is 0.06 cm (0.023 inch) and the 
tank weight is 6 kg (13.25 lbm). The maximum operating and burst pressures are 2598 and 5195 
kN/m^ (377 and 754 psi), respectively. Normally this tank is utilized in a blowdown mode and only 
filled to a 75% level with propellant Use with regulated pressurization and an initial fill to 90% is not 
a vendor concern although some delta qualification may be required. 

The propulsion subsystem would use the same pressurant tank from Structural Composites 
Incorporated (SCI) as used by the experiment subsystem. The tank has a seamless aluminum liner 
overwrapped with a HiTCO T-49 graphite/epoxy composite. The tank has a cylindrical barrel section 
and square-root-of-two domes. The cylindrical barrel section simplifies overwrapping, resulting in a 
high performance design. 

The relief valves selected for the COLD-SAT application are designed and produced by Ametek/Str aza 
Division of Ketema The valves shall be of stainless steel construction and utilize teflon or KEL-F for 
seats and "0"-rings. Valve construction uses a secondary pressure pickup area which increases valve 
sensitivity. At valve cracking pressure the flow past the poppet flows into the secondary chamber. 
The secondary pressure buildup then acts over a larger diameter of the poppet thereby reducing the 
band from cracking to full flow. The burst disks selected for the COLD-SAT application are designed 
and produced by Ametek/Straza Division of Ketema. The burst disc incorporates a Belleville spring 
with the diaphragm. The principle of operation results in a change from increasing to decreasing force 
during the stroke as opposed to a coil spring which requires a uniformly increasing force to compress 
it. The snap over action of the Belleville results in a clean shear of the diaphragm as it is driven into a 
hollow punch. 

The burst disk will be of stainless steel construction and will incorporate a downstream screen to trap 
the cut out section, thus preventing contamination of the relief valve, which is downstream of the burst 
disk. 

The gas and liquid filters selected for the COLD-SAT GHe application are designed and produced by 
either Wintec or Vacco. The filters are totally welded and shall be of all stainless steel construction. 
The filter element is either pleated wire mesh or an etched disc, with a 25p. absolute rating. The design 
of the filter could permit removal of the filter element for cleaning, repair, or replacement with the filter 
body installed if necessary. However, since all media is filtered prior to entering the system this is not 
considered necessary and the filters are just added insurance to prevent any contamination from 
causing a problem. 
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The pressure t ransd ucer selected for the propulsion subsystem is the basic variable reluctance unit 
designed and built by the Tavis Corporation. The unit operates with a 28 vdc input and provides an 
output of 0-5 vdc which is linear within the pressure range of the unit 

The Sterer Engineering design for the GHe pressure regulating valve for COLD-SAT is based on the 
specific design utilized on the Manned Maneuvering Unit (MMU) regulator, which they developed. 
The MMU regulator was required to reduce 24804 kN/m 2 to 1461 kN/m 2 (3600 psig to 212 psig) 
with an output tolerance of ±103 kN/m 2 (±15 psi) while flowing GN2 at 1.19 to 3.74 standard cubic 
meters per minute (42 to 132 standard cubic feet per minute). The ±103 kN/m 2 (±15 psi) regulation 
tolerance applies to the GHe outlet pressure throughout the inlet pressure range and the GHe 
temperature range of 206 deg K to 406 deg K (-90°F to +150°F). 

The GHe isolation valves (P/N 6699) were selected from Consolidated Controls Corporation. The 
valve is a latching, single stage solenoid valve designed to operate with a 28 VDC input signal. The 
valve has 34450 kN/m 2 (5000 psi) pressure handling capability and low pressure drop of 172 kN/m 2 
(25 psid) at 0.14 kg/min (0.3 Ibm/min) flow of helium. The valve has low internal leakage of less than 

0.3 scc/s (0.02 standard cubic inches/sec) of helium. The valve is flight qualified for manned 
spacecraft and has flown on Apollo. 

The check valve for COLD-SAT were selected from HTL. The valve is a quad package with two 
parallel legs, each containing series check valves. This packaging provides failed open and closed 
redundancy in a single unit. The package is all welded and has low pressure drop and internal leakage. 
The valve is flight qualified and has flown on Mariner. 

6.8 Software 

Flight software is divided into the four areas of Experiment Control, OBC Computations and 
Operations, Attitude Control, and Telemetry and Command Handling Operations. 

The COLD-SAT software concept utilizes a compatible interface between test and flight and mission 
operations software. The flight architecture uses a high order language to shorten the design time 
period. 

The experiment test sequences will be capable of being adjusted in flight. Sequence starts and 
Hnra rinns will also be adjustable in flight. Attitude control pointing of the TDRSS antenna and the 
spacecraft will also be able to be updated. 


The top level functions performed by software are 

1. ACS and Experiment Control 

2. Recorder Management 

3. Telemetry Control 

4. Redundancy Management and Fault Protection 

Experiment sequence, parametric experiment data, orbit corrections, spacecraft positioning and fault 
recovery instructions will be reprogrammable in flight via TDRSS uplink to the spacecraft. Software 
estimates are provided in the table below. 
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ACS 


LINES OF CODE 

3650 Provides spacecraft orbit corrections and positioning for maneuvers 
such as solar array aiming. It is designed to accept commands uplinked 
via TDRSS 


Experiment 

Control 


8375 Experiment sequences instructions will be resident on-board the 
spacecraft Commands will be sent via TDRSS to select the order that 
sequence instructions are to be performed and select associated 
parametric data 


Recorder 

Management 


300 Provides control of telemetry data storage on the recorder and playback 
of the telemetry data during active TDRSS communications to the SOCC 


Telemetry 

Control 


300 Provides control and integration into a telemetry data stream of 
spacecraft data and experiment data 


Redundancy 


Command 

Acceptor 


300 Provides self checks of spacecraft health and means to switch to the 
backup on failure. Estimate is based on maximizing use of built in 
hardware self checks with minimal software redundancy. This will be 
revisited as the design progresses. 

1450 Provides engineering test of the on-board software during development 


Response 

Generator 1750 Provides engineering test of the on-board software during development. 


The software has been sized consistent with similar spacecraft subsystem requirements. The 
experiment subsystem software requirements provide a different sizing requirement because of the 
multiple sensor and control of valves requirement 


6. 9 Spacecraft Conclusi ons and Recommendations 

The most significant concern was the payload shroud envelope. The restricted volume causes some 
difficulty in the design integration of the hardware and will require careful planning in the assembly 
flow. The use of the MMS modules eases the integration complexity. A reduced experiment set and 
the resulting decrease in the size of the storage tank and the propellant tanks eased any weight 
concerns. 


An assembly and test flow has been laid out that will be within the capability to reliably assemble the 
satellite. It will be significantly advantageous to be able to fabricate the experiment subsystem at an 
off-line system level and then integrate the experiment subsystem into the satellite. In this way it may 
be possible to perform the thermal vacuum characterization tests in a smaller test facility. 

The conceptual design of the satellite has been evaluated for reliability and risk during the concept 
development The basis of the high reliability and low risk estimate is the use of spacecraft avionics 
that are presently in production and will require minimum modifications for its electronic functions. 
There is less risk using the MMS modules in tact and not changing the mechanical interfaces to the 
modules. The MMMS modules can fit in the shroud envelope along with the LH2 tank sizes. 

The effect of acceleration forces on the experiment heat transfer and fluid motion characteristics 
produce transient dynamics. Damping and isolation will be used where possible to avoid self-induced 
acclerations on the spacecraft. An ACS fluid slosh model will be integrated into the attitude control 
simulation model to determine the characteristics and interactions. 
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Additional spacecraft simplification depends on establishing compromises to experiment requirements. 
As they are eased with respect to numbers of tests, amount of LH2, amount of propellant for 
acceleration, spacecraft attitude and pointing restrictions, etc. a lighter weight and simpler spacecraft is 
possible if the spacecraft simplification is allowed to drive the experiment requirements. As an 
example, if a simple, cost effective propulsion system results in acceleration and propellant quantity 
limits, the experiments should then be designed to operate within the established limits. The resulting 
data would then be more of a demonstration nature rather than providing model validation. 

The following reflects some recommended changes that could reduce spacecraft weight and 
complexity. They would be implemented in consonance with recommended experiment subsystem 
modifications. Such combined modifications could result in a dry satellite weight of around 1814 kg 
(4000 lbs) or 2494 kg (5500 lbs) wet. A smaller, less expensive launch vehicle, such as the 
augmented Titan II, may then become a viable option that would further reduce the overall system cost. 
See Ref 6.9-1 for additional information on reduced size COLD-SAT options. 

- Modify the propulsion system to use simple blowdown with possibly several fixed 
recharges for propellant expulsion. Delete the forward propulsion module that allows 
liquid settling over the tank vents. Only a few of these tests are currendy planned and 
their elimination does not significantly degrade the experiment set. This change has a 
major impact on the capability to maintain ''clean'' accelerations and associated fluid 
regimes of interest. Reduce the number of propellant tanks using tanks as large as 
possible and fix the experiment set to these restrictions is also a recommendation. A 
major propulsion issue, that is worsened as satellite weight is decreased, is the 
developed thruster capability to provide very low thrust below 0.45 N (0.1 lb) to meet 
required experiment acceleration regimes. Further assessment in this area are required. 

- Go to fixed solar arrays and accept attendant restrictions on S/C pointing and available 
power on experiment requirements. 

- Reconfigure the MMS modules aft to accommodate ELV eg constraints to account for 
supply tank weight reduction from no vacuum jacket. The resulting S/C structure is 
greatly changed. 
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7.0 GROUND SEGMENT DESIGN 


The ground segment consists of the ground support equipment used for test and assembly and 
installation of the flight hardware and software along with the operations hardware and software at the 
Satellite Operations Control Center (SOCC). The operations concept limi ts the number of personnel 
thus sizing the SOCC equipment Figure 7-1 is the functional block diagram of the ground support 
equipment for COLD-SAT. 
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Figure 7- 1 Ground Segment Functioned Block Diagram 

Mechanical Gro und Support Equipment (MGSE1 - The MGSE provides ground servicing, handling 
support transportation support, and maintenance functions for the satellite. The major MGSE 
structural hardware items include a transporter with protective cover, handling and rotation doily, 
handling/lifting slings & strongback, holding fixtures and installation tools. In addition, a separation 
interface test set and alignment test equipment are provided. Support equipment for the experiment 
and propulsion subsystem includes a propellant servicing/descrvicing cart, propellant high pressure 
GHe pressurant servicing panel, LH2 servicing/deservicing system, high pressure GH2 experiment 
pressurant servicing system, high pressure GHe experiment pressurant servicing panel, experiment 
and propellant system leak check kits, fluid support equipment and miscellaneous calibration 
equipment. Figure 7-2 depicts the major interfaces with the spacecraft. 

Electrical Ground Support E quipment (EGSE! - The EGSE provides command, control, calibration, 
simulation, ground 28 Vdc power to the satellite, and data management of the spacecraft and 
experiment subsystems during ground test and checkout operations. A major portion of the EGSE 
hardware is comprised of the spacecraft TTCS support equipment comprised of a RF test set, sun 
sensor simulator, articulation simulator, EPS simulator, ACS simulator, mission sequence and 
command generation system, monitoring system, display equipment and primer. In addition, a power 
distribution system, spacecraft electrical power subsystem support equipment, electronics integration 
test set, and solar panel test equipment are provided. 
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Satellite Operations Control Center (SOCC) - The SOCC provides in-flight command, control and 
man agement of flight data (both realtime and recorded) for COLD-SAT. Operations software is 
. included in the SOCC. The SOCC includes a router, telemetry preprocessor, data management work 
stations, mission planning and scheduling work stations, and personal computers for experiment 
monitoring and data processing. Figure 7-3 depicts the flow of data, commands, and tracking through 
NASCOM and TDRSS. 


The spacecraft provides data through TDRSS and GSFC to the SOCC and to the GSE. The spacecratt 
may be commanded from the SOCC through GSFC and TDRSS, or directly from GSFC through 
TDRSS. 

Handling equipment is provided to move and hold the spacecraft during assembly and checkout and 
installation at KSC. 

7.1MGSE 

The mechanical interfaces with the COLD-SAT spacecraft include lines to a gaseous hydrogen 
servicing system, to a gaseous helium servicing system, to a liquid hydrogen servicing system and to a 
hydrazine servicing system. A handling dolly is required along with lifting equipment to be used while 
assembling the spacecraft. 
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IcanSBfiganan The satellite transporter along with a protective cover will be used to move COLD- 
SAT during the move to the facilities where integrated testing occur. The satellite will be transported 
by air to the LH2 thermal vacuum facility (if necessary) and to KSC. 
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Figure 7-3 COLD-SAT SOCC to TDRSS Interfaces 

Figure 7.1-1 shows the transportation approach we have selected. Ground transportation will be used 
from the contractor facility to the local airport. If a suitable hazardous thermal vacuum chamber exists 
away from the contractor’s facility air transport will be used. Air transport will be used to move 
COLD-SAT to the CCAFS. Ground transportation will be used for all movement at CCAFS. 

One method of transportation that can be used between the contractor’s facility and the thermal vacuum 
test facility (if this facility is not at the contractor's site) is to use the PETS or Payload Environmental 
Transportation System, a truck transport method belonging to NASA. 

Handling - A handling dolly is required along with lifting equipment to be used while assembling the 
spacecraft The dolly is accommodated in both the contractor facilities and in the KSC facilities. 

A handling sling is required along with lifting equipment to be used while moving or rotating the 
spacecraft The sling is accommodated in both the contractor facilities and in the KSC facilities. 
Handling Equipment for COLD-SAT would be built new because of the unique size and shape of the 
spacecraft 

* The requirements for the Payload Processing Facility (PPF) arc to provide for support 
equipment assembly, integration, and checkout receiving inspection, and rotation, final assembly and 
installations, systems test and checkout and a SOCC end-to-end test A ground checkout and control 
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station and personnel accommodations are required. CCAFS buildings AM*AE, and AO are suitable 
for COLD-SAT. The preliminary recommendation is to use building AM. Table 7.1-1 is a parametric 
look at the PPF requirements and the facility capabilities. 



INTEGRATED HANDLING APPROACH 



TRANSPORTER W/PROTECT1VE COVER 

Figure 7.1-1 Transportation Concept 
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Table 7.1-1 Launch Site Processing Facility Requirements Summary 
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The driving requirement for the choice of facilities is the overhead crane height capability. The COLD- 
SAT will need about 10 meters in height in the highbay. 

HEE - The requirements for the Hazardous Processing Facility are to provide support equipment 
assembly, integration and checkout, provide for a proof pressure demonstration test, provide N2H4 
servicing and pressurization, and install the Delta II Upper Stage Assembly Handling Can. CCAFS 
Explosive Safe Area ESA 60 Propellant Lab is the preliminary recommendation. Table 7. 1-2 gives the 
parametric look at what is required versus what is available. 
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T annrh Pari - The only new design equipment required for KSC operations is an LH2 and GH2 
t oading and Vent System. Investigation into availability of hardware from completed programs is on- 
going. GH2 loading is now planned to be accomplished at the pad. This will require additional pad 
har dware. The modifications to Pad 17B are shown in Figure 7.1-2. 

The Hydrogen loading approach features or accommodates nominal and emergency venting after LH2 
& GH2 loading, topoff is easily accomplished, and launch delays/scrubs are better accommodated. 


FIXED UMBJUCAL TOWER (FUT) 

SENSE, PRESSURE. 

PURGE, FILL/ORAIN * 

VENT UMBIUCALS 



TANKER LOCATION MAY 
BE IN FUEL LOAOINQ AREA 
20B FT FROM THE PAD 


Figure 7.1-2 Launch Pad 17B Modicaxions for Coldsax 
12 EGSE 

Using standardized components allows the use of existing support equipment no longer required for 
their previous missions. Martin Marietta built MMS support equipment is presently available at Martin 
Marietta for further design analysis. 

SOCC Equipment for flight operations can be obtained, in part, from GSFC. The equipment used on 
Magellan for operations support might be made available thru JPL. 

The user Satellite Operations Control Center (SOCC) Data Processing Facility functional traffic 
interfaces arc command, telemetry, and tracking data through TDRSS and the functional operational 
interfaces are with the Network Control Center (NCC) for user utilization of the TDRSS 
telecommunications services. 
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TTie SOCC hardware is commercially available and similar to Magellan Operations equipment A block 
diagram of the SOCC hardware is shown in Figure 7.2- 1. 

The following listing of hardware describes the SOCC hardware. 

ROUTER 

Commercial hardware - serves as gateway and formatter interfaces to GFE data transmission 
equipment(DTE) that interfaces to commercial long haul line vendors data carrier equipment (DCE); 
routes PCM to telemetry pre-processor; formats commands and requests for transfer over NAS COM to 
NASA or the vehicle. 

Table 7.1-2 Servicing Facility Requirements 
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due to Heignt Limits 


UM PRE-PROCESSOR 

Commercial hardware - decommutates PCM; does real-time preliminary evaluation of data according to 
L^™ PpiDximatcIy 13 provides tape and disk storage of vehicle data as it comes in from 

NASCOM; also detects and displays vehicle time. Separate time code equipment displaying rime to 
beginning of vehicle TDRSS link and rime to end of TDRSS link to the vehicle; has decomrnutator, 
compressor, frame and subframe synchronizer, digital tapes, disks, terminal and 2 Ethernet pons- 
existing commercial off-the-shelf system similar to what will be at JPL for Magellan telemetrv data ore- 
processing. ' r 

DATA MANAGEMENT WORK STATION 

Commercial hardware - provides TLM pre-processor setup, storage of common data base (e.g 
calibration curves), formats user selected data for output to plotters or line printers, has dual Ethernet 
ports - one to the telemetry pre-processor for setup and one to the central SOCC Ethernet for data and 
commands; also contains 2 plotters, 2 line printers, multiple disk drives and digital tape drives, 
external storage for database and experiment data storage; uses h/w similar to Magellan vehicle 
monitoring system Marnn Marietta has developed for Magellan tracking in Denver, uses advanced 
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work statio n s/w developed in ADA for space station that has been used for national test bed, R2P2 



Figure 72-1 SOCC Configuration 


MISSION PLANNING AND SCHEDULING WORK STATION 

Existing GSFC mission planning terminal (MPT) system - provides dedicated communications with 
the GSFC network control center for TDRSS scheduling; supports planning, scheduling and mission 
modifications; also provides link that GSFC will use to provide SOCC mission control with attitude 
control corrections, bum times, etc. The intent is for GSFC to do all orbit analysis for COLD- SAT. 
We shall provide GSFC with vehicle parameters. GSFC will have direct access to vehicle telemetry 
thru NASCOM. The intent is to perform analysis regarding whether COLD-SAT should upgrade to 
the new user planning system under development at GSFC when it is available. 

PERSONAL COMPUTER 

Commercial hardware - provides user general support such as experiment data processing; includes 
hard Hi<ir printer/plotter and network port to the data management work station which provides access 
to stored vehicle and experiment data. This is similar hardware and design to the Martin Marietta 
system fhat will be used in Denver to monitor Magellan. An enhancement will provide personal 
computers to data management work station interfaces so no hand data entry is required. 

Electrical support equipment for processing the COLD-SAT on the ground will include that equipment 
in the remote Control Room located at the Processing Facility when at KSC or at the contractor’ s 
facility. Drag-on cables are used when testing is on-going. This equipment allows communication 
with the satellite for integration and test Figure 7.2-3 is a block diagram of the control room EGSE. 

The Near Vehicle electrical support equipment is connected to the remote Control Room EGSE located 
at the Processing Facility when at KSC. Drag-.on cables are used when testing is on-going. Figure 
7.2-4 shows the near vehicle EGSE. 
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The electrical support equipment has heritage from on-going Martin Marietta progr ams . It is derived 
from support equipment developed for MMMS flight hardware. 



Figure 72-3 Control Room EGSE 
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Figure 72-4 Block Diagram of the Near Vehicle EGSE 

The following ground software is commercially available in most cases and would be used in the 
SOCC scenario for COLD-SAT. The amount of lines of code (LOO required is estimated also. 

ROUTER 1000 LOC 

Communications executive, acts as gateway; routes NASCOM data to using SOCC s/w and formats 
data to be sent out on NASCOM communications. 

T ELEM ETRY PRE-PROCESSING SYSTEM COTS 

Decommutation, compression and analysis of telemetry data containing vehicle control and monitor 
data and experiment data; routes compressed data to the SOCC Ethernet for work station use; accepts 
setup from the data management work station via Ethernet. 

VEHICLE CONTROL AND MONITOR 20,000 LOC 

Monitor vehicle health (156 sensor & 41 effectors) using -13 algorithms and issue responses; has 
COTS database at the heart of the system; uses modification of existing s/w mentioned above. 

EXPERIMENT MONITOR 15,000 LOC 

Real-time post test mode monitoring of experiments (471 sensors) with -13 algorithms, will compare 
actual values to sequence s imulatio n; display data and send selected data over Ethernet to line printers 
or plotters; issue responses to conditions; has COTS database at the heart of the system; uses 
modification of existing s/w mentioned above. 

WORK STATION CORE 8,500 LOC 

Work station, executive (5000 LOC), COTS database, output formatter and user context sensitive 
interactive interface (8,000 LOC and -24 screens) uses existing advanced work station s/w developed 
in ADA that has also been used for National Test Bed, R2P2 and OSCRS. Existing s/w has interactive 
context sensitive graphics, provides features such as Help automatically displayed when a user merely 
touches an icon, has touch screen and pointing device interfaces, also has speech synthesis, voice 
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recognition and an internal expert system. Most work in adapting this system to COLD-SAT will be to 
delete unnecessary functions. 

SEQUENCE AND SIMULATION GENERATOR 10,000 LOC 

Automated creation of experiment test software similar to compiler - does syntax and semantics 
correctness evaluations of sequences which support 471 sensors and 222 effectors. Since actual 
executable sequences are stored on board the vehicle, the output is software that identifies the 
execution order of on-board sequences and provides variables such as time and ranges; uses COTS 
database with the output a listing of a file containing the model of the sequence execution, and a file 
that the user can transfer to the router for uplink to the vehicle. 

DATA MANAGEMENT SYSTEM 5,000 LOC 

Central data archive and data reduction services providing post test conversion of data to engineering 
units, listings, plots and graphic displays, also provides interface to personal computers for user data 
analyses, and includes COTS database system and COTS data reduction system. 

MISSION PLANNING AND SCHEDULING - Existing 

The intent is to use the existing GSFC mission planning terminal system running on the HP 1000 
initially. An analysis will be performed to determine if the "user mission planning terminal system” 
being developed by GSFC will meet schedule requirements and will be better for COLD-SAT by 
reducing manpower requirements. 


7.3 Ground Segment Is sues and Concerns 

The access tower for pad 17 has minimal space available for the controls for loading LH2 and GH2. 
Plumbing can be routed either internally or externally to the tower. Control of the valve complex will 
have to be remote. The FST electrical classification only supports H2 servicing by using the method 
of equipment shutdown and purging with GN2. The electrical equipment in the PAD area near the 
hydrogen loading equipment may need to be upgraded to avoid any ESD during loading. Some 
equipment can be powered down instead of modified. Modifications will take the form of providing 
the enclosure with GN2. The payload fairing purge also eliminates some of the hazards associated 
with hydrogen loading and venting. 

The decision to load GH2 at the pad means additional modification for lines from the GH2 trailer to the 
satellite to the T-O umbilical. The T-0 umbilical for the GHe purge for a payload has never been 
offered as a service by Delta. 

Time must be made to provide an adequate thermal conditioning of the supply tank. Time of MST 
removal should accommodate GH2 loading. 

To avoid excessive travel expenditures, the SOCC location should take into account the home location 
of the flight team. Existing equipment at GSFC may make it more cost effective to operate the mission 
there. The percentage of flight team members from LeRC may make it desirable to locate the SOCC at 
LeRC. The short mission duration makes TDY expenses more economical. 

The thermal vacuum testing of the spacecraft should include loaded LH2. A hazard-protection thermal 
vacuum facility must be refurbished or built to accommodate the satellite. 
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Internal interfaces are defined here as those between the spacecraft and the experiment subsystem; 
those between the spacecraft and the ground support equipment used during test and prelaunch 
activities; and those between analysts and Pi's and the SOCC. 

External interfaces are defined here as those between the spacecraft and TDRSS, between the 
spacecraft and the launch vehicle, between the NASCOM and the SOCC, and between the GSE and 
KSC/CCAFS. 


Figure 8-1 depicts the interfacing functions required to successfully complete the COLD-SAT 
program. 



Figure 8-1 COLD-SAT External and Internal Interfaces 

All environments will be defined in the system specification. Specific environments while attached to 
the launch vehicle, will be specified in the Spacecraft to Launch Vehicle ICD. 

TDRSS interfaces will be defined in the Spacecraft to TDRSS ICD. 

Mission Operations (MOS) interfaces will be defined in the MOS to TDRSS ICD. This ICD will 
include the agreements between GSFC and LERC specified in the Memo of Agreement (MOA) signed 
by GSFC and LERC. 


ORIGINAL PAGE 1$ 
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Interfaces between the flight and ground segments of COLD-SAT include servicing and calibration 
support mechanical interfaces between the MGSE and the satellite; communications between the 
satellite and the SOCC and between the satellite and the EGSE (through TDRSS, MIL-71 or 
hardwire). Handlin g equipment attachments to the satellite are detailed in section 7. 

SOCC interfaces to the satellite are through the NASCOM network supplied by GSFC. GSFC also 
provides the scheduling of TDRSS usage through coordination with the SOCC. Tracking data is 
routed to GSFC and processed for updating the ephemeris data to be uplinked to the satellite via 
inclusion in the command loads developed at the SOCC and sent to GSFC over NASCOM lines for 
uplinking through TDRSS. 

8.1 External Interfaces 

The external interfaces between the COLD-SAT Satellite Flight Segment and its associated Ground 
Segment and other supporting systems include physical environmental, and radio frequency which are 
dependent on the phase of the mission. KSC/CCAFS provides mechanical and electrical support. 
The launch vehicle, a Delta EL, provides a mechanical interface with the spacecraft. TDRSS provides 
the co mmunic ations from the satellite to the ground. GSFC provides the communications network as 
well as tracking and scheduling. 

Electrical interfaces prior to ELV integration are through either the T-0 umbilical or the drag-on 
connections to the modules and assemblies that accommodate test connections. The functions 
supported by these interfaces are shown in Figure 8-2 and include: 

(a). Support system level testing before shipment to the launch site to verify capability and 
performance. Control, checkout, and monitoring functions are provided as well as servicing of 
experiment consumables to simulate orbital operations on the ground. Calibration functions are 
included. 

(b) . Handling and transportation functions are required during the ground processing flow and end 
with flight segment integration to the launch vehicle at the launch complex. 

(c) . Certain final assembly operations of the satellite will be accomplished at the launch site and 
require support interface functions including installation and checkout of the solar array, TDRSS 
antenna and batteries. 

(d) Functional checkout and testing of the spacecraft and experiment subsystems is required during 
ground processing to verify flight readiness. 

(e) Hydrazine propellant servicing of the spacecraft is required prior to LV integration. 
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Figure 8-2 Prelaunch, Prior-to-ELV Integration, Interfaces 


Ground loading carts for pressurant or liquid hydrogen can interface through ports so designated for 
ground fill and drain on the satellite. 


Controlled environments will minimize external EMI/ESD and provide clean working conditions. 

Electrical interfaces after ELV integration are through either the T-0 umbilical or the drag-on 
connections to the MMS modules and propulsion and experiment test sets that accommodate test 
connections to verify flight readiness and system integrity prior to GH2 and LH2 servicing. 
Experiment subsystem control is provided during GH2 and LH2 loading. The final configuration is 

set up through the electrical interface. Figure 8-3 depicts the interfaces after attachment to the launch 
vehicle. 


End-to-end verification of the spacecraft uplink and downlink capability prior to launch is provided. 

Ground loading for pressurant or liquid or gaseous hydrogen can interface through ports so designated 
for ground fill and drain on the satellite. The launch pad provides for gaseous helium loading. The 
launch pad will be modified to provide for hydrogen loading. 

A mounting flange which is an integral part of the separation system provides the mechanical 
attachment of the satellite to the LV. 
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Figure 8-3 Prelaunch, After Launch Vehicle Integration, Interfaces 

Controlled environments will minimiz e external EMI/ESD and provide clean working conditions. A 
GN2 purged shroud will assist in e liminatin g potential hazards between the hydrogen during loading 
and the electrical circuits activated for the COLD-SAT launch. 

Ascent is defined as the period from launch to separation of the spacecraft from the launch vehicle. 
No interfaces are available during ascent through Delta IL The initiation of spacecraft attitude 

control will have to be a timed signal generated on-board the spacecraft The separation signal will be 
provided by a limi t switch at the interface. Environments normally are most severe during this mission 
phase. The satellite will be designed to accommodate the environments as specified in the Delta II 
User’s Guide and defined in the Satellite-to-Launch Vehicle ICD. Figure 8-4 shows the types of 
environmental interfaces during ascent. 

Protection from the environments near Earth will be provided on the satellite. Specifically, the induced 
drag at the orbit altitude will not interfere with the on-going experiments. On orbit interfaces are 
depicted in Figure 8-5. 
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Co mm u nic ations will begin with the first acquisition of TDRSS for transmission of recorded launch 
data and the initial recorded data from the checkout of the spacecraft and the experiments. Thereafter all 
data will be recorded for transmission later. 

8-2 Internal Interfaces 

The experiment subsystem interfaces with the spacecraft for data and command through the RIUs to 
the TT&C subsystem. The clock reference is provided from the TT&C subsystem. Prime power is 
provided by the EPS. The spacecraft and experiment are integrated to form the structure of the 
satellite. The ACS and Propulsion subsystem provide acceleration forces on the experiment 
subsystem. 



Figure 8-4 Ascent Interfaces 

The satellite interfaces to the SOCC (using the TDRSS link) using an S-band carrier. A backup net 
through the GSTDN will be provided for emergency use only to acquire health and safety data 

Another internal interface is the one between the SOCC and the personnel assigned to COLD-SAT. 
The SOCC provides a quick-look capability at experiment data. It also can recover and process 
recorded satellite engineering data. All data received will be recorded by the SOCC. Satellite data will 
be time tagged such that the onboard satellite time may be correlated with UTC. 
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Figure 8-5 On-Orbit Interfaces 
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9.0 OPERATIONS 


Operations Areas - Operations will be conducted at (1) the contractor facility during assembly, 
integration and testing; (2) the large thermal vacuum chamber facility for sequence testing of the 
satellite with liquid hydrogen; (3) KSC and Cape Canaveral Air Force Station (CCAFS) for satellite 
assembly and integration and testing after attachment on the launch vehicle, and for launch operations; 
and (4) the SOCC for flight operations. 

Organizational Roles and Res ponsibilities - There are six organizations that play a part in COLD- 
SAT. 1). LeRC is the project management for COLD-SAT and is responsible for the selection and 
direction of the science team. LeRC also provides direction to the satellite contractor for design 
requirements, information requirements, and budget considerations. LeRC also provides the Delta II 
launch Vehicle. 2). GSFC provides the interface with COLD-SAT through NASCOM and the 
TDRSS. Link availability i s provi ded through coordination with GSFC. 3). KSC provides the launch 
processing facilities. 4). AFETR provides the Delta II Launch Facility and coordinates range safety. 
5). The LV Contractor provides the Delta II and its associated integration functions. 6). The Satellite 
Contractor provides the satellite and personnel to perform on the mission operations team. The Satellite 
Contractor also integrates the flight and ground systems, coordinating the requisition of any new 
equipment needed either at the SOCC or at the launch site. 

Operations Summary - Operations can be divided into pre-mission and mission. 

•Premission - Integration and systems testing at the contractor's facility, at the large thermal vacuum 
chamber, and at KSC/Cape Canaveral Air Force Station (CCAFS) require a control center to monitor 
and command the satellite and near vehicle EGSE to be utilized to connect to the remote control center 
EGSE. The EGSE and MGSE concept utilizes common hardware and software for use at any of the 
facilities. Transportation and handling hardware are discussed in Section 7. 

•Mission - A series of cryogenic fluid management experiments are to be performed in low-Earth-orbit 
to develop the technology required to effectively manage cryogens in the space environment. The 
satellite used to perform this mission will employ liquid hydrogen as the test fluid, be launched on an 
expendable launch vehicle (Delta II), and be designed to conduct a series of experiments over a 3 
month period providing essentially low gravity data to enrich the understanding of the fluid physics of 
subcritical cryogens and to validate analytical and numerical models. 

A circular orbit provided by the Delta II launch vehicle at 926 km (500 nmi) with an inclination of 28.8 
degrees allows the satellite to remain in orbit at least 500 years and also minimiz es drag on the satellite 
to the range of 10' 9 g’s. The longitudinal axis pointing at a projection of the sun in the orbit plane 
provides minimum disturbances, enhancing the sun-pointing (available power) capability. The 
communication capability of the satellite is enhanced by adding articulation capability. 
Communication using the NASA Standard TDRSS Transponder (S-Band) is provided through a 
switching antenna scheme. Control of on-board operations and data management is provided bv an 
on-board computer. 

9.1 Ground Processing 

Ground Processing Con siderations - The satellite will be serviced in two facilities at the launch site: a 
payload processing facility and a launch site servicing facility. The discussion of the facility 
requirements is in Section 7.1. 

The payload processing facility will be used for 1) support equipment assembly after shipment, 2) 
satellite receiving, inspection and placement in a vertical position; 3) satellite final assembly and 
installations, 4) system test and checkout; and 5) a SOCC end-to-end checkout. 
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The launch site servicing facility will be used as a hazardous processing facility to 1) reassemble the 
support equipment, 2) provide a proof pressure demonstration test, 3) provide N2H4 servicing and 
pressurization, and 5) install the satellite into the Delta II Upper Stage Assembly Handling Can. 

9.2 Launch Pad 

frmnnri Servicing Considerations - Pad 17B is the desired launch site because the location of the fuel 
area for both pads is to the east of pad 17B. When the supply tank can be serviced with LH2 and GH2 
after the COLD-SAT is integrated to the Delta II launch vehicle is a critical driver on LC- 17 launch site 
modifications required to provide the capability to safely perform these operations. It also impacts 
COLD-SAT requirements for tank thermal stabilization and how the chilldown of the supply tank is 
going to be accomplished on the ground. Pad safety considerations and restrictions require that this 
servicing be accomplished in the final 8 hours prior to launch after the pad is cleared of personnel. 
This imposes remotely controlled LH2 and GH2 loading operations using an umbilical connected to 
the spacecraft via the launch vehicle fixed umbilical tower. This T-0 umbilical disconnects at launch. 

Early release of the T-0 umbilical will not be accomplished since a launch abort after the release would 
create a situation where drain and vent access to the supply tank would only be possible by 
reconnecting the umbilicaL This would create an unacceptable safety situation. The umbilical release 
with a lanyard pull system releases the umbilical by the motion of the launch vehicle as it moves off the 
pad. The umbilical is always in place for contingency deservicing for all pre- engine ignition launch 
vehicle abort situations. 

Certain satellite commands are required through the T-0 umbilical. There are 30 experiment valves 
requiring commanding via the T-0 umbilical. They are the vent valves, supply tank valves, 
pressurization system valves, and transfer line valves. Housekeeping functions that require command 
capability include the propulsion hydrazine and pressurant valves, pyro safing, and safing commands. 

Instrumentation required through the T-0 umbilical includes 115 experiment temperature, pressure and 
liquid level sensors, housekeeping status of the hydrazine, helium, pyros, batteries, and bus power 
measurements. 

When the supply tank can be serviced with liquid hydrogen is a critical driver on LC17 modifications 
to perform this loading operation. It also impacts COLD-SAT requirements for tank thermal 
stabilization and how the chilldown of the supply tank is to be accomplished. If servicing has to occur 
after MST roll back (now at T-3 hours) then a loading approach using a T-0 flyaway umbilical is 
required using a LH2 servicing system attached to the Fixed Umbilical Tower (FUT). An LH2 valve 
complex would be mounted at the servicing level on the FUT (preferred location) or at the base of the 
FUT. Control would be provided remotely from EGSE. LH2 would be transferred up the FUT and 
then into the COLD-SAT via the T-0 umbilical. Venting would be accommodated by a vent stack with 
a flame arrestor located at the top of the FUT. Since the tank cannot be thermally stabilized in the three 
hours prior to launch, tank chilldown must be accomplished during the days prior to launch using LH2 
(if safety permits) or cold GHe. 

GH2 servicing has also become a critical driver on the final countdown and on MST roll back. It is 
estimated that it will take eight hours for GH2 pressurization to meet system temperature requirements. 
Countdown accommodations can be made to roll back the MST before T-8 hours. GH2 servicing of 
the COLD-SAT to 20670 kN/m^ (3000 psi) would then take place via the T-0 umbilical. The safety 
requirements for GH2 loading are given in Table 9.2-1. 


In the COLD-SAT operations for the seven days preceding launch, the significant event is the supply 
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tank chilldown beginning at L-2 days. This chilldown will allow hydrogen servicing to be completed 
on the launch day. The integrated Delta II activities include removing the MST prior to hydrogen 
servicing and purging the shroud and FUT electronics with GN2. 


Table 92-1 GH2 Safety Requirements 


•7 GH2 tanks manifolded to a common ground servicing interface 

- 32 cm (12.7 in) outside diameter (31 cm (12.27 in) inside diameter), 118 cm (46.5 in) long, 
11.3-13.6 kg (25-30 lbs) dry 

- 0.076 cubic meters ( 4666 cu in) volume each 

- 20670 kN/m 2 (3000 psi) operating pressure, 31005 kN/m 2 (4500 psi) proof pressure, 

41340 kN/m 2 (6000 psi) burst pressure 

- 20670 kN/m 2 (3000 psi) - 9.1 kg (20 lbs) GH2 

•McDonnell Douglas, the launch complex contractor, requires a burst to operating pressure ratio of 
4 to 1 

- A 2 to 1 safety factor is acceptable at the launch complex 

- The COLD-SAT design uses a 2 to 1 burst to operating pressure ratio 

•Alternatives for operations in the HPF, transport to the launch complex, and gantry operations with 
less than a 4 to 1 safety factor 

- Pressurization not to exceed 1/4 the minimum design burst pressure prior to vehicle mate in the 
gantry 

- COLD-SAT GH2 pressurization system meets the requirements of ESMCR 127- 1 and 

the additional requirements outlined within the MDAC Delta II Spacecraft Users Manual Safety 
Regulations: The electrical systems with potential GH2 exposure must meet Class I, Division n. 
Group B specifications. 

a) Pressurizations to operating pressure require 5 minutes stabilization period prior to personnel 
exposure 

b) Maintenance of a complete log of pressurization hold time and number of pressurization 
cycles 

c) Submission of pressure vessel data package to MDAC concurrently with the MS PSP 


The MST removal occurs at about L-6 hours. Negotiations to remove the tower before hydrogen 
servicing (L-8 hours for GH2) will be required'. Our proposed launch day countdown has been 
modified, with the MST removal occurs at about L-12 hours. At L-10 hours, the electrical equipment 
on the FUT and the payload fairing will be purged with GN2 as a safety precaution to prevent sparks 
during hydrogen loading. Personnel restrictions to access to the Pad will be in force for these 10 
hours prior to liftoff. Figure 9.2-1 depicts the 7 day timeline for the COLD-SAT Launch Countdown. 

9.3 Flight On-Orbit 

The COLD-SAT mission is planned to execute on-orbit tests and acquire sufficient data to analyze 
liquid hydrogen properties in low Earth orbit. The amount of data to be collected is in the range of 10 
kbps which accommodates the rates of all of the sensors used in the design. At the altitude of the 
circular orbit selected, communication can be accomplished using either TDRSS or a GSTDN and the 
NASCOM network. TDRSS availability mav be constrained to the actual experiment operation 
timeline, plus command uplink times. Sun pointing to provide solar power will be maximized 
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Figure 92-1 COLD-SAT 7 Day Launch Countdown 

whenever possible to charge batteries, and power conservation will be practiced during occultations. 
Inertial position updates may be required after certain tests are run. The use of ACS gas will be 
mjnimiTH during experiments where disturbances impact the results. Uplinks, except for contingency 
operations, will be limited to commanding (once per week) for test sequences and routine 
housekeeping. Real-time changes to sequences will be limited to "GO" commands initiating on-board 
sequences changing experiment configurations or timing. The "GO" commands may include timing 
updates. Except for flight control, operations will be limited to a normal 5 day workweek. Flight 
controllers will monitor the satellite around the clock with predesigned contingency procedures to 
ensure the health of the satellite. Downlink data may be either real-time data transmitted over TDRSS 
or data recorded for later playback. Data taken during experiment operations will be downlinked at 
least the same day taken. 

Experiment control sequences will be uplinked and automatically control the COLD-SAT experiment 
tests. The pre-programmed sequences will operate from the on-board computer which will contain the 
algorithms to properly condition the temperature and pressure which will be reported by the data 
acquisition function on the satellite. Control signals from the on-board computer to the valve drivers 
allow for valve control. 

Because the TDRSS provides services to many users, only 10 minutes contact time per orbit will be 
ai lnraffd to new spacecraft Additional time may be requested for high activity periods. Operational 
control of the network is the responsibility of the GSFC Networks Directorate and performed by the 
NCC The user SOCC requests scheduling changes of TDRSS services. 

Maximum return service using the TDRSS multiple access is 50 kbps. Forward service is either 1 or 2 
kbps. In order to take advantage of all of the data from COLD-SAT, all data will be recorded and 
played back through TDRSS during the 10 minute contact period. Playback data is processed for 
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scientific evaluation and long-term trend analysis of consumables. The newest data seen at the SOCC 
will be at best 10 minutes old unless the downlink is used for realtime instead of playback d a ta The 
MMS does not have the capability to interleave data. 

The TDRSS I & Q channels were also analyzed for use - Realtime on I and playback or OBC dump on 
the Q channel. Although this approach is feasible, it was decided to use playback data as the p rimar y 
means of data acquisition because there are no requirements for immediate action except possibly 
during thruster firings. If TDRSS is made available during thruster firings, we would transmit (on the 
multiple access channel) realtime data and delay playback da t a 

Timelines - The operations timeline is governed by the need to maximize the use of the liquid hydrogen 
to accomplish the experiment objectives. Maneuvers will be planned to work around the experiment 
operations. Data will be collected for the entire mission by using the onboard recorders and then 
downl ink i n g as often as TDRSS permits. A detailed experiment timeline is contained in the experiment 
database described in section 4,10. Figure 9.3-1 depicts the accelerations required by the experiment 
set. Over the 90 day mission, a delta velocity of nearly 213.5 m/sec (700 ft/sec) is applied to the 
COLD-SAT orbit This results in a growth of eccentricity, causing a reduction in the final periapsis 
altitude. 



The functional flow beginning with the launch countdown until experiment checkout is shown in 
Figure 9.3-2. 


9.4 Satellite Operations C ontrol Center 

Mission Operations Requirements - Mission operations requirements can be broken into three 
categories: those of 1) mission planning, 2) Mission Support, and 3) Satellite operations. Table 9.4-1 
lists the requirements. 


9-5 





Figure 93-2 Functional Launch and First Orbit Operations Flow 

Ground Support System ('GSS') Configuration - The Ground Support System consists of the SOCC 
operations combined with the GSFC communications operations. 


•The SOCC contains the following hardware: 

♦Experimenter Consoles to develop sequences and analyze data 
* Experiment Database Computers and software 

♦Subsystem Engineering Analyst Consoles to analyze data and support sequence 
development 

♦Subsystem Database Computers and software 

♦Mission Planning Consoles to develop mission sequences and coordinate link 
planning 

♦Mission Operations Manager Console to coordinate conflicts and control resources 
♦Sequence/Schedule Database to develop uplink command files 
•GSFC contains the following hardware: 

♦Monitor Station 

♦The navigation processing equipment 

♦The telemetry, tracking, and command equipment. 
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Table 9.4-1 SOCC Operations Requirements 


MISSION PLANNING 

• PERFORM S/C MISSION PLANNING 

• S/C ORBITAL MAINTENANCE A SUPPORT PLANNING 

• S/C WEEKLY CMO GENERATION 

• VERIFY CMO SEQUENCES IN S/C TEST BED 

• PERFORM S/C EPHEMERIS CALCULATIONS 

• CONTINGENCY PLANS 

• DEVELOP MISSION PLAN 

• VERIFY COMBINED MISSION PLAN/SEQUENCE OF EVENTS 

• DEVELOP MISSION GNO RULES A CONSTRAINTS 

• COORDINATE ALL PRODUCTS WITH SOCC AND GSFC OPS SUPPORT 

• PERFORM MISSION CONSTRAINTS ANALYSES 

• DISTRIBUTE MISSION PLAN ANO CONTINGENCY PLANS 

• SUBMIT COMM SCHEDULING A OTHER SUPPORT REQUESTS TO GSFC 

• DEVELOP DAY-TO-DAY TORSS CONTACT SCHEDULES 

• COORDINATE ALL PLANS A ANALYSES WITH S/S ANALYSTS 

• RESCHEDULE 

• PERFORM LONG TERM S/C TREND ANALYSES 

• SUBMIT S/C ORBITAL UPDATE CMOS TO GSFC 

• EXPERIMENT DEFINITION 

• PERFORM PRELIMINARY EXPERIMENT PLANNING WITH PI'S 


SUPPORT 

- PROVIDE S/C DATA TO ANALYSTS 

• REVIEW RESULTS OF ENGR ANALYSES 

• OPERATE A MAINTAIN S/C TEST BED 

• PROVIDE ENGR OATA TO PI'S 

• PERFORM 3/C FAULT ISOLATION 

• MAINTAIN SOCC H/W A S/W 

• DEVELOP TRAINING PROGRAM 

• OATA LOGGING ANO ARCHIVING 

• AO MINISTRATION, PERSONNEL, SUPPLY 

Type and Quantity of Personnel Involved in Operations - The table below lists the types of personnel 
required at the SOCC. 


MISSION OPERATIONS 

• MONITOR S/C HEALTH ANO STATUS 

• MONITOR CONDUCT OF MISSION 

- ASSIST IN S/C ANOMALY REDUCTION 

- ASSIST IN S/C CALIBRATION 

- PROVIDE INPUTS TO A COORDINATE 

MISSION PLANS/TTMEUNES 

- MONITOR COMM LINK STATUS 

- ASSIST MISSION PLANNING IN DEV. 

OF CONTINGENCY PLANS 

- MONITOR ENFORCEMENT OF 

MISSION GROUNORULES 
/CONSTRAINTS 

• DEVELOP OPS PLANS WITH M.P. 

• VERIFY COMM AVAILABILITY 

• TRAIN FOR MISSION 

• VERIFY AVAILABILITY OF SUPPORT 

- ASSIST IN EXPERIMENT ANOMALY 

REDUCTION 


1 

Subsystem Analysts - for housekeeping; cross- 
training where possible. 

2 

Experiment Analysts - for pressure control, fill, 
class EL 

3 

Mission Planners - for short and long range 
planning 

4 

Science PLE’s - 3 types - same as experiment 
analysts 

5 

Sequence Developers - for consecutive sequence 
development 

6 

Test and Training Manager - to 
develop/coordinate flight team training 

7 

flight Controllers - for uplink command load 
development and transmission and real-time 
monitoring around the clock 

3 

Mission Operations Manager 


Table 9.4-2 lists the staffing requirements over the three month mission at the SOCC. 
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Table 9.4-2 Operations Personnel - SOCC Staffing 


ANALYST 

MONTH 

ONE 

MONTH 

TWO 

MONTH 

THREE 

TOTALS 


SHIFT 1 

SHIFT 2 

SHIFT 1 

SHIFT 2 

SHIFT 1 

SHIFT 2 


SUBSYSTEM : 
POWER 

2 

1 

1 

1 

1 

1 

7 

TTAC 

2 

1 

1 

1 

1 

1 

7 

ACS 

2 

1 

1 

1 

1 

1 

7 

PROP 

2 

1 

1 

1 

1 

1 

7 

THERMAL 

2 

1 

1 

1 

1 

1 

7 

SOFTWARE 

2 

1 

1 

1 

1 

1 

7 

EXPERIMENT : 
PRESSURE CONTROL 

2 

1 

1 

1 

1 

1 

7 

FILL 

2 

1 

1 

1 

1 

1 

7 

CLASS II 

2 

1 

1 

1 

1 

1 

7 

MISSION PLANNERS : 
LONG RANGE 

1 


1 


1 


3 

SHORT RANGE 

1 


1 


1 


3 

SEQUENCE DEVELOPERS 

2 


2 


2 


6 

TEST & TRAINING 






! 

1 

FLIGHT CONTROLLERS 

3 

2 

3 

2 

3 

2 

1 5 

MISSION OPS MANAGER 

1 


1 


1 

1 

3 

TOTALS : 

26 

1 1 

17 

1 1 

1 7 ' 

1 1 

94 


The layout in Figure 9.4-1 gives a typical setup for each mission control team member. Also shown 
are the personal computers for data analyses and the mission data monitor. GSFC positions are shown 
for completeness. 

The Magellan SOCC at the Martin Marietta Space Support Building in Denver contains the mission 
support area (MSA) for Magellan flight operations. The area is configured for eight Sun computer 
stations, three high speed data lines from the Jet Propulsion Laboratory, six personal computers, a data 
library, a conference room, and personal offices (Contract Costs). The installation of the eight sun 
stations included computer and printer interconnections (GFE). Three 56 kbps, high speed, data lines 
were installed into the MSA (Government Leased). A library of design and test supporting 
documentation was set up (Contract Costs). 

The cost trades associated with the location of the Magellan SOCC were: 

•Send 38 people to JPL for the mission, including prelaunch training under TDY or permanent status 
versus the cost of leasing data lines and terminals 

•The spacecraft team for launch and early mission operations for Magellan was 38 people. The number 
of people decreased to 32 for the remainder of the mission. TDY costs are a monthly cost per person, 
R&R travel, and logistics costs associated with offsite personnel. 

•The cost of obtaining expertise which has left the program, in response to spacecraft 
problems/anomalies, is the cost to send experts offsite (time and travel) and the experts commitment to 
travel. 

It is recognized that COLD-SAT can be operated with a smaller flight team. This makes a similar cost 
trade study worth pursuing in Phase B. 
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Figure 9.4-1 SOCC Layout 

Control Svstem Oper ational Requirements and Functions - 

When cost effective, the control system will use previously developed system and subsystem 
software. Residual hardware and software will be used in implementation whenever cost effective. 
The operations system will be designed to sequence the spacecraft over a range of orbit attitudes and 
periods. Control of the altitude will be ±25 km (3 sigma) about the nominal value. The angle of 
inclination of the spacecraft orbit with respect to Earth's equator will be in the range of 27 to 29 
degrees. The operations system will be compatible with a pointing prediction accuracy of effective 
range pointing error of 0.20 degrees (3 sigma). The operations system will be compatible with a 
pointing knowledge accuracy of effective range and azimuth pointing errors of 0.20 degrees (3 
sigma). The operations system will have the capability to recover and process spacecraft recorded 
engineering data. Sequences will be designed such that selective playback of recorded data is not 
required. The operations system will accommodate a downlink data volume that allows playback of 
recorded data each orbit. The operations system will provide capability, including software, to support 
the operation of the on-boaxd computer hardware and software. The operations system will time tag 
received spacecraft data such that onboard spacecraft time may be correlated with UTC to an accuracv 
of 5 ms (3 sigma) overall. 


Top Level Functional De finition of the Ground Control Svstem - 

•Control COLD-SAT Orbit 
•Transmit commands 
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•Prepare up link- command load often enough to update as requested 

•Process downlink telemetry data 

•Det ermi ne health of COLD-SAT 

•Provide e x pe ri ment data to the science community 

•Track COLD-SAT often enough to control changes in the science payload and in the 
housekeeping functions 

Partitioning of Functions into Ground and On-board Control to Assign to Facilities (SOCC and 
GSFC) - The operations design splits functions between ground and on-board control in order to 
accomplish a cost-effective mission. This partitioning is described below: 

•Navigation activities will be at GSFC with orbit changes through propulsive maneuvers 
uplinked as command files to the on-board computer 

•Command sequences will be transmitted from the SOCC through GSFC and NAS COM to 
TDRSS and then to the COLD-SAT Satellite. 

•Command 1, -nads will be generated at the SOCC. 

•Downlink telemetry received at the SOCC from the GSFC NAS COM system will be 
processed to provide engineering status to the satellite analysts and science data to the experiment 
^n&lystSi 

•The health of COLD-SAT will be the responsibility of the satellite subsystem analysts at the 
SOCC. Experiment activities with potential impact on the health of the satellite will be coordinated 
between the analysis teams. 

•Experiment data extracted from the telemetry downlinked will be accessible to both on-site 
(LeRQ and off-site scientists involved with COLD-SAT. 

•TDRSS availability will be coordinated with GSFC and specific on-board tests will be placed 
to coincide with that availability where practical. 

Control System Activity Approaches - Online and offline activity is provided by the ground control 
system. 

O nline Operations - The senior controller approves or disapproves problem resolutions procedures, 
monitors critical rescheduling and/or component reconfiguration. The controller also 
approves/disapproves modifications to the TDRSS contact schedule. The controller also monitors the 
status of the ground system and takes action to resolve anomalies/contingencies. 

Data required for successful operations control includes: the status and quality of the navigation 
upload, the quality of the data received, the status of the downlink and uplink, the satellite status or 
health, and recommended contact with TDRSS. 

The resource controller (GSFC) provides the status of the ground system and takes the action to 
resolve contingencies or anomalies. The controller also receives the status of the navigation upload and 
indications of communications problems and the quality of the data stream. 

The Navigation controller verifies navigation upload provides the navigation blocks, determines the 
quality of the navigation upload and advises the potential of not meeting schedule. 

The TT&C controller provides the status of the downlink and uplink and the status of the satellite. 

Offline operations - The subsystem analysts monitor the health of the satellite and provide changes to 
the housekeeping of the satellite as command blocks to the sequence of events generator. Satellite on- 
board resources are monitored through telemetry. Sequences are reviewed to ensure sufficient power 
will be available. Playback times are reviewed against expected opportunities. 

The experiment analysts will review the experiment resources to ensure sufficient LPH for the 
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remaining tests. The system will be capable of generating the test parameters and sequences and 
redesigning of tests, if necessary. Command blocks for changes to the experiment sequencing are 
provided to the sequence of events generator. Real-time changes will be initiated by the experiment 
analysts. 

Mission planners determine the long range significant events required by the experiment P.I.’s and the 
sa te l l ite analysts. Time on TDRSS for playback of data (real-time and tape-recorded) is negotiated with 
GSFC Short range planning includes up-dating the timeline and TDRSS times as required. 

Definition of Operational Modes - 

•Daily on-line analysis mode: Analysts will be monitoring real-time data when available and 
dumped recorder data otherwise during quiescent (non-test) times. 

•Daily flight-controller only mode: Flight controllers will be responsible for the health of 
COLD-SAT in off-prime time. Analysts will be on call. 

•On-board test operation mode: Analysts will monitor the experiment parameters to provide 
direction for real-time in-test changes. These changes will be in the nature of start commands uplinked 
to activate changes in either the duration of the experiment test or opening/closing of specific valves at 
different times in the sequence. Parameter updates will be permitted. 

•Launch Mode: Uplink will only be .available after separation from the launch vehicle and 
deployment operations have been nominally completed. No data will be monitored at the SOCC after 
Launch. 

Contingency Operations - Contingencies will be handled by preparing scenarios for most likely 
anomalies and having those scenarios prepared as uplink loads available for use. Other contingencies 
will be handled as appropriate by the flight controller on duty by calling in the required analysts for 
decisions. A potential use of the development tanks is to perform the contingency procedures on the 
development tank system for validation prior to uplinking to the sartdlirft 

Operational Interfaces - NASCOM circuits for voice and data will be utilized between the SOCC and 
GSFC. A local area network will be utilized, connecting the PC stations of the analysts with the flight 
controller. The flight controller will be the single point of contact with GSFC on-line operations. 
Personal Computers (PC s), with a local area network utilizing a common data base, will be used. 

m 

Training- All flight team members will undergo operational training on their respective consoles and 
software, including exercises simulating real-time mission scenarios. Cross-training of operational 
positions in the SOCC will be required. 

Reliability. Availability. Maintainability, and Lo g istics Operations Concepts - Maintenance and 
logistics are institutionalized at GSFC for ground equipment,and include automatic fault detection and 
isolation. Availability is based on down time, considering the satellite, TDRSS, and external factors. 
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A safety program for COLD-SAT will be conducted in accordance with ESMCR 127-1, Range Safety 
Manual and KSC Management Instruction 1710.1, Safety, Reliability, and Quality Assurance 
Program. It will cover all program phases from production through deployment A safety certification 
program that meets the requirements of AFETR 127-4 will be maintain^ , 

Testing and servicing of the satellite at the launch site will comply with ESMCR 127-1. The satellite 
system design will provide for a safe installation and removal of pyrotechnic devices and EPS batteries 
at the launch site. 

A hazard analysis of the COLD-SAT conceptual design was performed. A s ummar y of the hazards 
identified by mission phase and by subsystem is shown in Table 10-1. The effect cause by the hazard 
is shown, but only to the top level category. The controls and design features which mitigate the 
hazards that have been identified are at a level commensurate with the design concept 
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Table 10- 1 COLD-SAT Hazards and Hazard Controls Continued 
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Table 10-2 shows the safety standards and regulations which will form the safety requirements for the 
design, build, test, and ground processing of the COLD-SAT system. 
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Table 10-2 Applicable Safety Standards and Regulations 


MARTIN MARIETTA 

M70-29, REV. 5, SAFETY ACC® ENT/ 

INCIDENT INVESTIGATION MANUAL, 

JANUARY 1984 

M-61-58, REV. S3, SAFETY STANDARDS 
MANUAL. VOLUIC I, VOLUME II 

MARTIN MARIETTA STANDARD PROCEDURES 
FOR FABRICATION, INTEGRATION AND TEST 
ACTIVITIES 


COMPLIANCE 
(FOR TESTING HERE 
ATMUAG) 


CCK»UANCE 


NASA 


KHB 1700.7 A, STS COMPUANCE FOR KSC 

PAYLOAD GROUND SAFETY HANOBOOK FACILITY PROCESSING 


EEC£2AL 

» CFR, OCCUPATIONAL SAFETY ANO HEALTH COMPLIANCE 

ADMMISTRATION, DEPARTMENT OF LABOR, 

PART 1910, LATEST ISSUE 

STATE 

NONE 

MCPAS ELY 

TBD 


POD 

EASTERN SPACE AND MISSILE CENTER 
REGULATION ESMCR-1Z7-1, 30 JULY 1984 


COMPUANCE 


DOT 


U.S. DEPARTMENT OF TRANSPORTATION 
OFFICE OF COMMERCIAL SPACE 
TRANSPORTATION HAZARD ANALYSIS 
OF COMMERCIAL SPACE TRANSPORTATION 
VOLS. 1, 2 ANO 3 


COMPLIANCE 


other 


NATIONAL FIRE PROTECTION AGENCY *70 COMPUANCE 

NATIONAL ELECTRICAL CODE (NEC) 

ASME BOILER ANO PRESSURE VESSEL REFERENCE ONLY 

CODES, LATEST ISSUE 


ANSI B30 SERIES AMERICAN NATIONAL 
STANDARD SAFETY, LATEST ISSUE 


COMPUANCE 


CHEMICAL PROPULSION INFORMATION 
AGENCY (CPI A) 


REFERENCE ONLY 


Certain COLD-SAT subsystem designs and associated operations have to comply with safety 
requirements which are well established. Those areas (spacecraft, experiment, and ground support) 
will come under the closest safety scrutiny. Other COLD-SAT areas not defined (while meeting all 
applicable safety requirements) have a lower level of safety concern. Table 10-3 lists the safety 
analysis and testing requirements for COLD- SAT. 
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Table 10-3 COLD-SAT Safety Analysis and Testing Requirements 

• System safety Program Plan (SSPP) 

• Missile System Pre launch Safety Package (MSPSP) 

• Payload Breakup Analysis 

•Antenna Patterns and Power Curves . 

• Analysis and Testing of Electronic Equipment for Electromagnetic Interference Protection per MIL- 
STD-461 

• Q ualificati on and Acceptance Testing of Ordnance Subsystem 

• Flight Te rminatio n System Requirement (Range Safety Analysis) 

In order to verify that the COLD-SAT satellite and associated ground support equipment has been 
properly designed and tested from a safety standpoint, certain documentation are required (as shown in 
Table 10-4) which also includes ground processing, flight and mission information. Much of this data 
submittal is coordinated with the launch vehicle operator. 

Table 10-4 COLD-SAT Safety Restrictions 

• Proposed changes to a facility must be coordinated with Range Safety 90 days prior to formal 
meeting on the subject 

• Equipment connected to a facility static ground system shall be 25 ohms or less 

• An RF System shall be tested prior to arrival at the Range 

• The Cryogenic System, including vacuum jacketed pipes, shall be cold shock tested 

• The Ordnance System shall be tested 

• Pad Electrical System - 

For Hydrazine usage - Class I, Div H, Group C (present configuration) 

For LH2 usage - Class I, Div II, Group B (Required upgrade for hardware on line during 
loading) 

• Pad Hydrogen and Pressurant Loading - high factors of safety (4: 1) desired for tanks 

(lower factors of safety required analysis) 

• S/C Electrical System 

• Batteries 

• Satellite Lifting and Moving 

• Antenna Checkout 

• System Proof Pressure Check 

• Hazardous Procedure Review/Approval 

• Contingency Dcservicing of LH2/GH2 

Conclusions - Safety is a significant design driver for the COLD-SAT program. The use of liquid 
hydrogen at KSC requires modifications to the launch complex hardware and procedures to meet the 
hydrogen servicing specifications. GH2 loading was moved to the pad to avoid modification of a 
hazardous processing facility. The timeline was also changed to be able to power down electrical 
equipment on the pad earlier in the count prior to hydrogen loading. The factors of safety used in the 
COLD-SAT design will comply with the safety requirements of the Delta II launch facility. 

The large vacuum chamber to be used for system testing while loaded with LH2 and GH2 must also 
meet more stringent safety requirements than the normal vacuum chambers used for spacecraft testing. 


10-4 



11.0 RELIABILITY 


The initial reliability assessment of the Conceptual Design reflects the method used for the analysis 
which represents a worst-case reliability number. The reliability estimate used a six month operating 
time for all hardware and modeled the experiment subsystem to requiring more than half of its 
hardware and sensors operating throughout the mission. 

The Spacecraft subsystems are comprised of existing-qualified hardware, and in this configuration 
we are using the avionics packaged in MMMS modules. The modules are the same as are used on 
another Martin Marietta program and we are using them in the same way the hardware is used on the 
other program. The analysis used the failure rates and reliability data from that program. The basis of 
the estimate includes: 1) the Experiment Subsystem hardware failure rates were derived from various 
space programs, 2) the Experiment Subsystem’s technology development items are ass um ed to have 
been developed and qualified, 3) the avionics failure rates are based on S-level parts, and other 
component failure rates are from MIL-HDBK- 217. 

Confidence limits for the estimated reliability have not been calculated, but the method of analysis is 
considered to be biased toward the lower reliability number. Therefore, the .91 estimated is 
attainable. Table 11-1 gives the reliability estimate by subsystem. 

The single-string reliability shown is a rough estimate based on removing those components that were 
redundant, however the design is such that to remove some of the redundant component it would 
require a complete redesign. This would not decrease the program cost significantly, but it would also 
increase the program risk considerably. 

Some single string design can be considered with a reasonable decrease in mission success 
probability. Single string design saves hardware costs, test costs and amplifies fault protection 
software. The subsystems which appear amenable to reduction in redundancy are the EPS and the 
ACS. Considerations in the EPS include reducing the solar array drive electronics from four units to 
two units; reducing the pyro initiator controller from two units to one unit; reducing the internal 
extender units from four units to two units. Considerations in the ACS include deleting the 
magnetics equipment (TAMs, Torquers, TAM Electronics). In the TT&CS, reducing the two 
recorders to one tape recorder would cause loss of redundancy but no loss to operational capability. 

The goal is to perform the class I experiments to a mission success probability of .92. The reliability 
allocations shown on Table 11-2 follow the reliability estimate shown on Table 1 1-1 and uses the 
same numbers for all the subsystems except for the Experiment subsystem. The experiment 
subsystem contains all of the components that will require technology "development and flight 
qualification. The design of the experiment subsystem will be new development. Therefore, we can 
use redundancy to achieve the allocation of .967 which should be achievable and realistic as a goal to 
be used for design trade-offs. The other subsystems are made up of existing hardware designs and the 
reliability goals will be useful only in the case of modifications to the hardware. The existing 
hardware reliability may be adjusted, but it could only be done on a very selective basis in order to 
avoid redesign and re-qualification. The cost and risk would be considered in the trade studv, if 
reliability adjustment is warranted. 

Table 11-3 lists the reliability enhancement methods that are included in our concept design. Some of 
the items are reliability enhancements that are not actually reflected in the reliability estimates 
presented. The items headed by the (*) really were not reflected in reliability probability of success 
numbers; these items do enhance the mission success and the technical risk factors (Section 12). The 
spacecraft subsystems arc using existing, qualified hardware that has the redundancy hardware and 
software designed and validated. The reliability estimates used single failure redundant methods. 
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however the existing system is capable of cross- strapping and therefore, can tolerate more than one 
failure. 

Table 11-1 COLD-SAT Reliability Estimate by Subsystem 


SUBSYSTEM 


EXPERIMENT 
ATTITUDE CONTROL 
ELECTRICAL POWER 
T,T & C 
STRUCTURE 
PROPULSION 


EOR6TMOI^ MISSION 




PROBABILITY COLLECTING ALL DATA 


SINGLE 

STRING 


.507 

.896 

.941 

.827 

.999 

.896 



.316 



Table 11-2 Initial Reliability Allocations 

SUBSYSTEM ALLOCATION 


EXPERIMENT so/ 

ATTITUDE CONTROL 996 

ELECTRICAL POWER .988 

T,T & C *986 

STRUCTURE 999 

PROPULSION 982 


.920 goal 
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Table 11-3 Reliability Enhancement Methods 




•REDUNDANT COMPONENTS 

•REDUNDANT PATHS FOR FLUID AND VENTS 

•QUALIFIED AND SCREENED NEW TECHNOLOGY COMPONENTS 

•REDUNDANT SENSORS AND DATA COLLECTION ELECTRONICS 

•REDUNDANT CONTROL ELECTRONICS 

•GROUND OVER-RIDE CAPABILITY FOR EXPERIMENT SEQUENCING 

•SOCC CAPABILITY TO MONITOR EXPERIMENT RESULTS AGAINST ANALYSES 

•FAIL SAFE CAPABILITY TO PRECLUDE LOSS OF HYDROGEN DUE TO A FAILURE 

•DEVELOPMENT-PATH FINDER TANK FABRICATION AND TESTING 

•PROTOFLJGHT TYPE THERMAL VACUUM TEST FOR EXPERIMENT CHARACTERIZATION 

SPACECRAF TSUBSYSTEMS 

•REDUNDANT SUBSYSTEMS / BOXES - PRECLUDES SINGLE FAILURE 
•REDUNDANT DESIGN IS EXISTING AND PROVEN 

•ELECTRONIC BOXES AND SUBSYSTEMS ARE EXISTING DESIGN - NO NEW l/F MODS 
-S LEVEL PARTS AND SCREENED-UP B PARTS ARE USED 
•PROTOFLIGHT ACCEPTANCE TESTING WILL BE EMPLOYED WHERE REQUIRED 
•GSTDN S BAND COMM. BACK-UP FOR SATELLITE RECOVERY FROM SAFE-HOLD MODE 

GENERAL: PROGRAM METHODS 

TECHNICAL MANAGEMENT OF THE DESIGN, BUILD, TEST AND OPERATION OF THE 
SATELLITE - SPECIFY A TOTAL QUALITY PROGRAM 

TECHNICAL CHECKS-AND-BALANCE APPLICATION OF SYSTEMS ENGINEERING : 

TRACEABILITY OF EXPERIMENT REQUIREMENTS TO SUBSYSTEM COMPONENTS. 

The reliability estimates of probability of success from each assembly type arc shown in the following 
Tables. Table 11-4 is the thermal control subsystem heritage. Table 11-5 is the electrical power 
subsystem heritage. Table 11-6 is the telemetry, cracking and command subsystem heritage. Table 
11-7 is the attitude control subsystem heritage. Table 1 1-8 is the propulsion subsystem heritage. 

Table 11-4 Thermal Control Subsystem Hardware Heritage 


ITEM 

TYPE 

HERITAGE 

source; 

VENDOR 

RELIABILITY 
PROB. OF 
SUCCESS 

LOUVERS 

BIMETALLIC 

MAGELLAN, 

MMS, CLASS. PROGS. 

FAIRCHILD 

.9999 

HEATERS, 

CONTROLS 

FILM TYPE 

MAGELLAN, SCATHA, 
TETHERED SAT. 

TAYCO 

.9999 

THERMOSTATS 

SNAP 

ACTION 

MAGELLAN, SCATHA 
TETHERED SAT. 

TEXAS INST., 
ELMWOOO 

.9999 

MULTILAYER 

INSULATION 

ALUM. 

MYLAR, 

DACRON 

NET 

NUMEROUS 

SPACECRAFT 

MATERIAL- 
SHELDAHL 
MMAG FAB. 

.9999 

STRUCTURE 


NUMEROUS 

SPACECRAFT 


.9999 
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Table 11-5 Electrical Power Subsystem Hardware Heritage 


AELU6IUTV 

ITEM H6WTA0S VINOOR PROBABILITY OF 

SUCCESS 


UPS 




MODULE 

■ 

FAIRCHILD 

.ilfV 

BATTERY 


GENERAL ELECTRIC 

.9999 

PWR CTRL UNIT 


MCOONNEL DOUGLAS 


SIGNAL CONOCTIONER UNIT 


MCOONNEL DOUGLAS 

.9999 

REMOTE Uf UNTT 

MM MS 

MCOONNEL DOUGLAS 

.9999 

BUS PROTECTOR ASSY 

MM MS 

MCOONNEL DOUGLAS 


PWR REGULATOR UNTT 

■ ■ 

MARTIN MARIETTA 

.9999 

PC* DM 




moquui 


FAIRCHILD 

.9999 

REMOTE l/F UNTT 


MCOONNEL DOUGLAS 

.9999 

EXPANOCR UNTT 


FAIRCHILD 

.9999 

PYRO CONTROLLER 


MARTIN MARIETTA 


3/A DRIVE ELECTRONICS 


BALL AEROSPACE 

.9999 

ACTUATOR 3U8MOOULE 


FAIRCHILD 


POWER SUBMODULE 


MARTIN MARIETTA 


ELECTRICAL SU8MOOULE 


FAIRCHILD 

.9999 

HOUSEKEEPING POWER 




CMO^TLM CARDS 

. 



COMPUTER STATUS MONITOR/ 




TLM * GUARD MODE INIT 




BUSCOUPLER UNTT 




HEATERS AND THERMOSTATS 




PYRO SWITCHING UNIT 

MGN 

MARTIN MARIETTA 

.9999 

ARTICULATION MOTOR 

MGN 

MARTIN MARIETTA 

.9999 

SOLAR ARRAY 

MGN 

MARTIN MARIETTA 


ORONANCE 

MGN 

MARTIN MARIETTA 

.9999 


Table 11-6 Telemetry, Tracking, and Command Subsystem Hardware Heritage 


RELIABILITY FAILURE RATE 


ITEM 

HERITAGE 

VENDOR 

PROBABILITY 
OF SUCCESS 

[F/MILLJON HOURS] j 

CAOH MODULE 

MMMS 

FAIRCHILD 

.9993 

— 

RECORDER 

OEF SATELLITE 

FAIRCHU 

MM 


REMOTE l/F UMT 

MMMS 

FAIRCHU 

.9999 

300 

BUS COUPLER UNIT 

MMMS 

FAIRCHU 

999 9 

0.02 

ONBOARD COMPUTER 

MMMS 

LITTON 

.9999 

4.60 

CENTRAL UNIT 

MMMS 

FAIRCHU 

.9999 

0.13 

INTERFACE UNIT 

MMMS 

FAIRCHU 

J999 

499 

TRANSPONDER 

LANDSAT, EXPLORER 

MOTOROLA 

NM 

1.73 

ANTENNA AJTTCC ELECTRONICS 

MMMS 

SCHAFFER MAGNETICS 

9999 


ANTENNA POSmOMNQ MOTOR 

MMMS 

SCHAFFER MAGNETICS 

9999 


OIPLEXER 

MMMS 

WAVECOM 

9994 

0.04 

RF SWITCH 

MMMS 

TRANSCO 

9990 

0.23 

ANTENNA: OMNI 

MMMS 

HARRS 

9999 


ANTENNArTDRSS 

TDRS3 

TECOM 

9999 


POWER AMP (30W) 

CENTAUR 

MOTOROLA 



LOUVER 

MMMS 

FAIRCHU 

9999 

099 

HEATER 

MMMS 

FAIRCHU 

9931 

297 






















Table 11-7 Attitude Control Subsystem Hardware Heritage 


ITEM 

HHUIAOE 

VENDOR 


MACS 

MMMS 

FAIRCHILD 

.3962 

BUSCOUPLER UNIT 

MMMS 

FAIRCHILD 

3999 

EU 

MMMS 

FAIRCHILD 

.9998 

REMOTE INTERFACE UNIT 

MMMS 

FAIRCHILD 

AAM 

.■9 WWW 

AT7TTUOE CONTROL ELECTRONICS 
[A4B1 

MMMS 

GENERAL ELECTRIC 

.9981 

POWER SWITCHING UNIT 

MMMS 

FAIRCHILD 

.9996 

GYRO PACKAGE PRU] 

MMMS 

TELEDYNE 

.9969 

COURSE SUN SENSOR 

MMMS 

ADCOLE 

.9999 

FINE SUN SENSOR 

MGN 

ADCOLE 

.9999 

EARTH SENSOR 

SAS-3 

ITHACO 

.9999 

REACTION WHEEL 

MMMS 

SPERRY 

.9999 

TRIAXIS MAGNETOMETERS 

MMMS 

SCHONSTEDT 

.9999 

TAM ELECTRONICS 

MMMS 

SCHONSTEDT 

.9997 

MAGNETIC TOROUERS 

MMMS 

GENERAL ELECTRIC 

.9999 

HEATERS ANO THERMOSTATS 

MMMS 

FAIRCHILD 

.9999 

CONNECTORS 

MMMS 

FAIRCHILD 

.9999 


MACS - COMPUTER MOOE PEL. = .99021 [1 YR] 
MACS - SAFE HOLD MOOE REL. = .969 
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Table 11-8 Propulsion Subsystem Hardware Heritage 






RELIABILITY 

rmi 

TYPE 

HERITAGE 

VENDOR 

PROBABILITY OF 
SUCCESS 

PROPELLANT TANK 

TTTANIUM SPHERE W/ 
DIAPHRAGM 

EXOSAT 

PSVTRW 

.9964 

PR8SSURANT TANK 

AL ALLOY W/COMPOSOE 
OVERWRAP 

MMU 

SO 

.9938 

Ql2 LBP THRUSTER 

HYDRAZINE 

SCATHA, J-V 

ROCKET RESEARCH 

.9991 

F1LL/DRAINVALVE 

MIN -MANUAL 

MX,l-V f TOS 

PYR0NSTIC3 

.9968 

SERVICE VALVE 

1/4 IN-MANUAL 

MK II PROP MOO, 
MMU 

PYRONETICS 

.9968 

RELIEF VALVK A BURST 

CREW SNAP ACTION 

MARINER 71.V073 

AMETEX/STRAZA 

.9982 

OISC 

W/SCREEN 



FILTER 

2S mA ETCHED OISC 

ATLAS/ CENTAUR 

VACCO 

.9996 

PRESSURE TRANSDUCER 

VARUBLE RELUCTANCE 

ET, STS, TOS 

TAVW 

.9900 

REGULATOR PACKAGE 

SINGLE STAGE 


STERER 


ISOLATION VALVE 

3/S IN -PYROTECHNIC 

GEMINI, LSAT, AGENA 

PYRONETICS 

.9999 

PROPULSION MOOULI 
ELECTRONICS 

MMMS 

MMAG PROGRAM 

MMAG 

.9999 

PRESSURANT ISOLATION 

SOLENOID 

VARIOUS 

CONSOLIDATED 

9999 

VALVE [LATCH] 



CONTROLS 


RIU 

MMMS 

MMMS 

FAIRCHILD 

9999 

BCU 

MMMS 

MMMS 

FAIRCHILD 

.9999 

CHECK VALVE 

3/4 IN - 2 P AIR/PARALLEL 
QUAD PACKAGE 

VARIOUS 

HTL 

9999 
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12.0 PROJEC T PLANNING 


The project planning activity prepared for the COLD-SAT development addresses our approach to the 
detailed design and development, fabrication and test of the COLD-SAT System which includes related 
ground support equipment The Phase C/D program that is outlined runs through post-mission 
analysis and is almost 5 years in length ending in 1997. 

12.1 Technology Risks 


Table 12.1-1 categorizes the elements and assigns a risk rank in the category. The rationale for our 
judgement is based on the heritage listed in the last column. All the spacecraft subsystems will be used 
without changing design or interface. The heritage is based on our finalized baseline design which 
uses the Multimission Modular Spacecraft (MMS) modules that are presently in production. The 
MMMS is a Martin Marietta version of the MMS that is presently being produced. This does not 
change the risk rating. 

Table 12.1-2 Risk Ranking 

STATE OF TECHNOLOGY CATEGORY RISK RANGE 

ASSIGNED 


a. USING EXISTING HARDWARE OR QUALIFIED DESIGNS 0 TO 1 

b. REQUIRE NEW DESIGNS- 

EXIST1NG PROVEN TECHNIQUES ARE AVAILABLE 2 TO 4 

C. REQUIRE NEW DESIGNS* 

AT OR NEAR THE STATE-OF-THE ART OF TECHNOLOGY 5 TO 7 

d. REQUIRE NEW DESIGNS- 

BEYOND THE CURRENT STATE-OF-THE-ART 8 TO 1 0 


Where : a risk factor of 18 Indicates the highest degree of risk; 
a risk factor of 0 Indicates essentially risk free. 


To perform a preliminary assessment of the state of the technology required to successfully execute the 
mission, we have assigned to each subsystem the risk rank shown in Table 12.1-2. In our judgement 
catc .?° r y risk range specifies that the hardware is used with no modifications to the existing 
qualified design and includes no changes in the interfaces. The mechanical interfaces and the 
environments provided by the spacecraft must meet the specifications to which the hardware was 
qualified. A rating of "0" would only be assigned to hardware that is "on-the-shelf built and tested. 
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Table 12.1-2 Risk Assessment 


SUBSYSTEM 

RISK 

FACTOR (category) 

HEFHTflQS. 

Attitude Control 

1 

(a) 

MMS/MMMS/UARS/ExplorerPlat/GRO 

Electrical Power 

1 

(a) 

MMS/ MMMS/UARS/ExplorerPlat/GRO 

TTCS 

1 

(a) 

MMS/MMMS/UARS/ Explorer Plat/GRO 

Thermal 

1 

(a) 

MMS/MMMS/Vlking/SCATHA/SKYLAB 

Propulsion 

1 

(a) 

EXOSAT/DSCS III/SATCOM/X-24A/SCATHA 

Structure 

1 

(a) 

Titan 

Experiment 

4 

(b) 

Component Development required 

Ground Element 

1 

(a) 

Magellan/MMMS/R2P2/GSFC/MMS 

Software 

3 

(b) 

Modify existing code 


Essentially all of the risk associated with the COLD-SAT resides in the new designs associated with 
the experiment subsystem tankage and various supporting component elements that have to be 
demonstrated for LH2 use. These items have previously been defined in Figure 1.2-1 where 
technology needs were addressed. 

12.2 Personnel Resources 

The personnel required for COLD-SAT will be of two types. The spacecraft team will be contractor 
personnel engineers, technicians, and support specialists who have participated in the design, 
fabrication, assembly and testing of the satellite. The experiment team will be a mix of contractor and 
NASA personnel. They are scientists and engineers who understand the concepts involved with the 
LH2 process investigations on-orbit. They will evaluate the data and determine if the tests are set up 
correctly to provide the expected data. All skills required for this project are generally available in the 
aerospace community. 


12.3 Facilities 

For the most part the facilities required to fabricate, assemble and test the COLD-SAT are common to 
most contractors in the aerospace community and along with those at KSOCCAFS can provide for all 
of the required assembly, integration, and testing required by COLD-SAT. Table 12.3-1 lists the 
standard and unique integration and test facilities required. 

The one unique facility that is not common is a hydrogen compatible thermal vacuum chamber capable 
of accommodating the integrated satellite in the vertical configuration. The purpose of this test is to 
provide an end-to-end checkout of the system using the working media, simulate the on-orbit mission 
on the ground to collect a one-g data base and to exercise the entire flight and ground software together 
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before the mission. The thermal interaction of the experiment subsystem loaded with LH2 on the 
spacecraft subsystems and visa versa can only be demonstrated with this type of test The test will 
serve as the final acceptance test of the protoflight hardware approach being used for much of the 
satellite. 


Table 123-1 Facilities Required for Integration and Test for COLD-SAT 

STANDARD FACILITIES 
•Facility with a Stable Platform for Model Survey 
•Acoustic Facility 

•Thermal Vacuum Chamber for Tank Development (LH2 compatible) 

•Large dean Room for Assembly and Integration 
UNIQUE FACILITY 

•Large Thermal Vacuum Chamber Facility for Integrated S/C LH2 Test 
Required- LH2 Storage, Fill, Drain and Vent Capability 

- Electrical Hazard Proofing 

- Pumping System 

Figure 12.3-1 provides an overview of the COLD-SAT satellite installed in a thermal vacuum chamber 
and the functional interface requirements needed to accomplish LH2/GH2 testing. There are three 
major impacts to the chamber to accommodate hydrogen testing which include: 

- Compatibility of the electrical support equipment to operate in a potentially enriched hvdrogen 
environment. 

- Compatibility of the pumping equipment to operate in a potentially enriched hvdrogen 
environment. 

- Proximity of the chamber to other facilities during hazardous operations. 


CHAMBER 


THERMAL VACUUM CHAMBER FACILITY 

FACILITY 



ELECTRICAL 


DATA 

COMMANO A CONTROL 


1 3 Mil?* * 


VACUUM VENT 


GH2F1U. 


-»-LH2/GH2 VENT 
LX2 FILL/DRAIN 


VACUUM SYSTEM 


VACUUM EXHAUST 


□ FLAME ARRESTOR 

t 






- GH« PURGE 


Figure 123-1 Thermal Vacuum Chamber Requirements for COLD -SAT Integrated Test 
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Impacts to the facility in which the chamber is located also is shown in Figure 12.3-1 and includes the 
following features: 

1. Provisions for LH2 loading and contingent descrvicing of COLD-SAT tankage which will 
mainly consist of supply tank loading. 

2. Provisions for GH2 loading of the experiment subsystem pressurant tanks to 20670 
kN / m2 (3000 psia). 

3. An integrated hydrogen vent system which accommodates venting from: 

. the LH2 tanker 

- the GH2 tube bank 

- the COLD-SAT experiment subsystem vents 

- the chamber pumping system 

4. One of the experiment vents must be maintained at space vacuum conditions of less than 
13.78 kN/m2 (2 psia ). 

5. A GHe purge for all plumbing including the facility vent 

6. A suitable area outside the facility for tanker/tube bank placement and transfer plumbing 
routing. 

7. Hydrogen leak detectors to monitor hydrogen concentrations in the facility in the proximity 
of the transfer plumbing, as well as chamber H2 detectors. 

Constraints which should be placed on LH2/GH2 transfer operations include: 

1. The COLD-SAT will be delivered, loaded into the chamber and removed after test in an 
empty condition with no LH2/GH2 on-board. Tankage may contain GHe blanket pressures. 

2. LH2 will be loaded into the COLD-SAT after the chamber has been evacuated and the 
mechanical pumping system is off line with turbo-molecular pumps operating. The chamber 
may also be purged with GN2 to simulate the ELV payload fairing environment for LH2 
ground servicing 

3. Functional testing in the chamber will be limited to LH2 management and transfer operations 
which includes venting into the facility hydrogen vent. No planned venting of LH2/GH2 into 
the chamber will be allowed. 

4. After testing is complete, the LH2 and GH2 will be off-loaded and the experiment 
subsystem will be purged with GHe before the chamber is repressurized. 

5. If possible, chamber repressurization should be accomplished with GN2 followed by 
adequate air exchanges before the chamber is opened for personnel access. 

6. Propulsion tankage will be filled with water or will be empty during the test. 

Additional information is contained in Ref 12.3-1 relating to COLD-SAT LH2 vacuum testing. 

12.4 Testing 

The list of tests in Table 12.4-1 provides an overview for the integration and testing of COLD-SAT. 
The protoflight levels and durations for the tests will satisfy the verification requirements to be 
imposed. The COLD-SAT ground test program consists of those inspections and tests required to 
verify the integrity, performance, and functionality of the experiment subsystem - and associated 
spacecraft support subsystems. Specific experiment subsystem verification consists of the following 
types of tests: 

In-line Component & Subassembly Testing - These tests provide subassembly and component 
level testing at key points in the fabrication sequence to verify hardware integrity before 
performing steps that would preclude efficient repair or replacement. Tests at the component 
level will verify compliance with specified design requirements for the most part using off-the- 
shelf components that require only vendor or COLD-SAT contractor testing. For major 
tankage assemblies, tests include x-ray of welds, bubble point of LAD screens, dye penetrant 
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inspection of welds, component/subsystem LN2 cold shock, component/subsystem proof 
pressure tests, leak checks, instrument verification, vacuum integrity checks, cleaning, and 
structural proof loadings. 

Qualification Testing - This type of testing is required for the most part on those parts of the 
experiment subsystem that require development and include the experiment tankage, 
pressurant bottles and various other components (see section 4.8). Our approach involves a 
development item for each experiment tank and a basic protoflight approach for flight tankage 
where testing could be accomplished on the development tanks to enhance design confidence. 
Design loads and design factors of safety will be intentionally conservative, where possible, to 
ensure sound design and preclude future safety concerns, bearing in mind restrictions created 
by experiment requirements for certain limitations to thermal and mass/volume relationships. 
As an example, pressure cycle tests can be accomplished on the development tanks, as well as 
a non-destructive burst test using an approach where the tank is designed not to yield at the 
burst pressure. The development tanks could be used in a ground test bed to evaluate LH2 
processes after tank development is complete. A unique tank qualification article is not 
envisioned. All tank qualification testing will be accomplished on the development tank or at 
lower protoflight levels on the flight hardware. Redesigned RIU's and EVE’s will require the 
development of a full qualification test approach. Where possible, component qualification by 
similarity of use on past flight prog rams will be used. 

Table 12.4-1 COLD-SAT Test Program 

SUBSYSTEM TESTING 

- FUNCTIONAL AND PERFORMANCE 

- INTEGRATION ANO INTERFACE VERIFICATION [H/W AND S/WJ 

- ASSEMBLY ACCEPTANCE TESTING 

- ASSEM8LY OELTA QUALIFICATION PROTOFUGHT TESTING (WHERE NECESSARY) 

INTEGRATION TESTING 
•PROOF ANO LEAK 
•XRAY WELDS 

-SENSORTTRANSFER FUNCTION VERIFICATION ANO CALIBRATION 
•HARNESS CHECXOUT 

-SENSOR/TRANSOUCER FUNCTIONAL VERIFICATION 
-GSE FUNCTIONAL VERIFICATION 

•INTEGRATION EXPERIMENT ANO PROPULSION SUBSYSTEM 
-SPACECRAFT BASELINE TEST 
-GROUNDING TEST 

•SUBSYSTEM TO SUPPORT EQUIPMENT 
-POWER ANO BUS REGULATION VERIFICATION 
•SUBSYSTEM TO SUBSYSTEM INTERFACE VERIFICATION 
-BATTERY CHECXOUT 

SYSTEM TESTING 

•MOOAL SURVEY 
-ACOUSTIC TEST 

-PYROTECHNIC FUNCTIONAL VERIFICATION 
-RF COMPATABIUTY TEST 
-SPACECRAFT BASELINE TEST 
-WEIGHT ANO CG 

•SPACECRAFT LOAOEO UQUIO HYDROGEN THERMAL 
VACUUM TEST 

Acceptan ce Testing - Such tests will be performed to certify compliance with predetermined 
criteria and acceptable pass/fail limits and to certify components/subassemblies to specification 
requirements for the purpose of ensuring proper fabrication, assembly and workmanship. 
Acceptance tests at the experiment subsystem and subassembly level include LN2 cold shock, 
proof pressure, and leak checks, etc., and consist of tests performed under other testing 
classifications. 
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Functional Tests - These tests will verify that the flight hardware is operating as designed via a 
series of discrete tests to verify experiment integrity, subsystem compatibility, and 
instrumentation functionality. Criteria and techniques necessary to perform experiment 
functions will be verified at both the subsystem and system levels. An example of such testing 
for the experiment subsystem is provided in Table 12.4- 2. 

Table 12.4-2 Experiment Subsystem Testing 

. EXPERIMENT SUBSYSTEM TESTING PERFORMED AT BOTH THE TANK ELEMENT AND 
INTEGRATED SUBSYSTEM LEVEL 

• RELIEF SYSTEM VERIFICATION (MECHANICAL & ELECTRONIC} 

- GH* A GH2 SYSTEMS FLOW & PRESSURIZATION CHECKS 

• SUPPLY TANK GROUND CHILLDOWN & THERMAL CONDITIONING 

- GHWGH2 REGULATOR LOCKUP CHECK 

• GH* & GH2 PRESSURANT BOTTLE PRESSURIZATION 

• SUPPLY TANK LH2 FILL & DRAIN 

• SUPPLY TANK LH2 TOPOFF 

• SUPPLY TANK NON VENTED HOLD DETERMINATION 

• SUPPLY TANK WALL HEATER OPERATION & STRATIFICATION CHECKS 

- SUPPLY TANK TVS OPERATION 

• SUPPLY TANK MIXER A DESTRATIFICATION OPERATION 

- SUPPLY TANK COMPACT HEAT EXCHANGER OPERATION 

- SUPPLY TANK OUTFLOW AND LAD OPERATION 

• TRANSFER UNE CHILLDOWN OPERATIONS 

- RECEIVER TANK TESTS 

- CHILLDOWN AND SPRAY SYSTEM EVALUATION 
• FILL CHECKS USING NO-VENT FILL 

- TVS OPERATION 

- OUTFLOW A ORAIN CHECKS 

- TANK PRESSURIZATION USING GH* A GH2 

- VERIFICATION OF ORIFICE FLOW CONTROL FUNCTION 

• INSTRUMENTATION OPERATION 

- HEATER OPERATION 

• CONTROL LOGIC A CONTROL NETWORK FUNCTIONS 


Environmental and Performance Testing - This testing will verify operation over the expected 
extremes of thermal, vacuum, vibration, and EMI environments. These tests are system level 
to protoflight environmental criteria During and after thermal vacuum environmental tests, the 
experiment subsystem will be operated to determine that the COLD-SAT is performing as 
designed over the required operating range. A complete ground based flight sequence and 
duration simulation using LH2 and GH2 from ground servicing through normal mission 
completion will be performed. This simulation in the thermal vacuum environment will serve 
as a validation of both flight and ground software against the flight hardware and will include 
separate checks of all contingency, back-up, and fault detection, as well as, off-nominal 
operational verification of the fault protection software. Operation of the experiment and 
spacecraft systems with LH2 will verify thermal compatibility between the two. Data collected 
from this mission simulation will provide a ground data base for math model correlation and 
will eventually be compared to the flight data. Testing will also be performed to verify that the 
flight hardware was not damaged by previous environmental testing. 

The test program for COLD-SAT provides the necessary testing to verify the requirements imposed. 
The test philosophy is to verify using a protoflight concept where acceptance and qualification of off- 
the-shelf hardware is at protoflight levels and durations. Specific emphasis on safety will be 
maintained throughout the program. New hardware, mainly in the experiment subsystem, will be 
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qualified using qualification units, except for the supply and receiver tanks which have development 
tanks which will undergo significant testing. 

Mi n i m izi n g the test program reduces cost significantly. The test assemblies used during COLD-SAT 
testing are listed in Table 12.4-3. The philosophy for conducting each type of test is also shown. 


Table 12.4-3 Test Hardware for COLD-SAT and Test Philosophy 


TEST] 




IS REQUIRED TO VERIFY COL 


D-SAT REQUIREMENTS 


♦PROTOFLIGHT SPACECRAFT 
•TEST BATTERIES 
•SOLAR ARRAY SIMULATOR 

•MASS SIMULATORS FOR SPECIFIC ELECTRONIC HARDWARE 


PHILOSOPHY - 

COMPONENT QUALIFICATION - *Off-the-shelf Hardware: Similarity 

•New/Modified Hardware: 

Qual at Protoflight Levels 
•Experiment development Items: Qual Units 
Except for Development Tanks 

SUBSYSTEM QUALIFICATION - •Hardware Assembled into Larger Units, such as 

the Propulsion Equipment, and Tested at 
Protoflight Levels 

COMPONENT ACCEPTANCE- •Protoflight 

SUBSYSTEM ACCEPTANCE - •Experiment Subsystem Tests, including LN2 Cold 

Shock; System Proof Pressure and System 
Leak Tests 

•Environmental and Performance Testing 

SYSTEM LEVEL ACCEPTANCE 


Our approach to testing the supply tank pressure vessel incorporates the use of LH2 prior to installing 
the vacutmi jacket. This will be accomplished on both the development and flight tanks. Testing the 
vacuum jacket for pressure integrity prior to installation is not a normal operation in that cutting, 
grinding, and rewelding operations to prepare the Vacuum Jacket for final installation are considered to 
add more risk than the test verification is worth. It is our recommendation that this vacuum jacket test 
verification not be considered. 

Other testing on spacecraft subsystems at both the component, subassembly, subsystem, and system 
level after the entire integration of the experiment and spacecraft subsystems is accomplished will be 
performed and will include the following types of checkout: 

Subsystem Integration - Such testing will verify grounding and isolation, bonding, interfacing, 
operating states, and selected functional capabilities. Each subsystem should have a minimum 
of 500 hours of operating time accumulated from all phases of the ground test program through 
and including pre-launch operations. Electrical/electronic flight hardware should be operated 
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for & minimum of 300 hours prior to launch including subassembly, assembly, subsystem and 
system testing. 

Subsystem Tearing - EPS testing will provide power consumption measurements, polarity 
checks, AC feedthrough checks, AC amplitude and frequency verification, bus stability 
checks, exercising the relays that provide power to user subsystems, demonstrating that 
specified bus levels are maintained, and verification of the assignment of power loads. Other 
tests include overload protection verification, redundancy and cross-strapping checks, enable 
and inhibit tests, and checks for cable losses. TTCS testing will provide telemetry formats and 
measurement checks, power-on-reset states verification, undervoltage trip point measurements, 
clock synchronization, turn-on transient measurements, fault recovery testing, data handling 
and command interface testing. ACS testing includes simulation of flight profiles. 

Systems Integration Testing - As the spacecraft bus subsystem elements are being integrated to 
one another testing will be accomplished that includes verification/checks for power allocation 
vs consumption, power distribution cable loss, power switching characteristics, ripple current 
measurements, power bus frequency variation and stability, power profile performance, 
grounding, telemetry position, rimin g relationships, and telemetry values and modes with all 
combinations of formats, incl udin g rates, memory readout, frame sync, format ID and clock. 
All combinations of elements of downlink telecommunications will be checked along with 
calibration of analog measurements, transducer operation, digital measurements verification for 
information content, command capability and antenna operation which include tests for uplink 
error detection, correction and execution, redundancy management, anomaly response, fault 
protection and satellite safing ( including experiment subsystem safing), alignment and 
phasing, plugs out verification, inertial properties, temperature control, sequence 
verification/validation and software integration. Compatibility tests will verify compatibility to 
the launch vehicle, TDRSS and the SOCC. 

Operaring Capabilities Baseline Testing - This testing will provide, under ambient conditions, 
bus limits, temperature limi ts, long term continuous operation of the flight software, 
unin terrupted operation of the flight software, the capability to recover from selected faults. 

System and Component Environmental Verification - This type of testing and/or verification by 
analysis will verify that the hardware will operate over the expected extremes of thermal, 
vacuum, vibration and electromagnetic environment and consists of tests such as static loads, 
acoustic, thermal vacuum, pyrotechnic shock, modal survey, RF compatibility and EMC/ESD. 


12.5 Schedules 

A top level COLD-SAT Phase B and follow-on C/D program schedule is presented in Figure 12.5-1 
and reflects the current view as we understand it for the ongoing continuation of the COLD-SAT 
program. Critical to the ATP of the Phase C/D is the successful completion of the preliminary design 
Phase B where the experiment and spacecraft system requirements are baselined. This design activity 
ends in mid 1992 with a System Design Review (SDR) and can be followed by a formal Phase 0 
safety review with the ELV operator and ETR safety. At this point the design has matured close to a 
Pr eliminar y Design Review (PDR) with two contractors working independently on individual design 
approaches to the same set of requirements. This will allow for a very short turn around once the 
Phase C/D starts for a formal PDR with the single Phase C/D contractor proceeding with the favored 
design. Twelve months later a Critical Design Review (CDR) would be held on the completed 
finalized design. 

The critical milestones to accomplish the phase C/D schedule in close to a four year timeframe is the 
very early commitment to procure long lead items. Primarily the long lead items will require new 
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tooling and have long delivery time for basic materials and components. The date to start these 
procurements is at ATP where the basic tankage size, shape and configuration has to be fixed so that 
tank development can begin. Procurement of tank forgings for both the development and flight tanks 
must occur simultaneously in order to be cost effective. Final machining of the flight rank- will not 
occur until after tank development tests are complete. After PDR commitment to procure spacecraft 
subsystem long lead components and assemblies must be made to meet the schedule and requires the 
use of an existing, mature spacecraft bus where component interfaces and compatibilities are known 
and proven . Our proposed S/C configuration meets these needs. 
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Figure 125-1 COLD-SAT Program Schedule 


Equally critical to long lead procurement is the establishment of a supporting cryogenic technology 
development program that will mitigate design risk by the CDR in both component, subsystem and 
process investigation areas. This development is shown in Figure 12.5-2 for those areas that require 
such effort. Some of the component development is critical for system level characterizations. Such a 
component is the mixer and transfer pumps which at some point in the ground test approach will be 
-tegrated with a ground test tank that contains a mixer spray system and TVS heat exchangers and a 
VCS. Pnor to this time, the pumps will have been qualified to operate with LH2 and the operating 
characteristics will have been determined at the component level. As an example the development of 
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the mixer pump has to proceed to this point [independent of TVS development] before the combined 
pressure control features of both can be meshed. It is important to note that the development of 
experiment hardware, on-going at LeRC, must be kept up to insure availability for the COLD-SAT 
mission timeframe for those areas shown and must be coordinated so that the proper component 
characteristics are being developed. 
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Figure 125-2 COLD-SAT Development Items Schedule 

After CDR a twelve month manufacturing and fabrication activity precedes the assembly integration 
and test of the satellite experiment and spacecraft subsystems. Figure 12.5-3 is a top level summary of 
the assembly, integration and test flow that has been developed for the satellite. The satellite has been 
subdivided into three sections that can be individually processed and then integrated to one another. 
These consist of the following: 

- Lower body composed of the supply tank and all of the components in the aft equipment bay. 
The aft equipment bay will be assembled and then integrated to the supply tank. 

- Middle body composed of four MMS modules, structure, and all components located in the 
module cavity , including receiver tank 2 and certain pressurant bottles. 

- Upper body consists of receiver tank 1, structure, forward propulsion module, other 
components, assemblies and pressurant bottles mounted above the MMS modules. 
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The launch operations take place at Kennedy Space Center and the Cape Canaveral Air Force Station. 
After delivery by air, the satellite and GSE are configured. Operations take place at the PPF and HPF 
prior to movement of COLD-SAT to the launch complex. The launch operations flow is shown in 
Figure 12.5-4. Additional discussion on GSE and ground processing operation was previously 
presented in sections 7 and 9, respectively. 
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